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2 . 3 . 4 . 4  AC V R2 B a nd  mi R -37 4a  C o r re l a t io n  . . . . . . . . . . . . . . . .  1 5 3  
2 . 3 . 4 . 5  AC V R2 B a nd  Ac t i v in -A C o r re l a t io n  . . . . . . . . . . . . . . . .  1 5 3  
2 . 3 . 4 . 6  Ou tcome  a t  t h ree  yea r s  o f  a ge  . . . . . . . . . . . . . . . . . . . . . . . .  1 5 3  
2 . 3 . 5  Di scu s s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5 5  
2 . 3 . 6  Co nc lu s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 1  
3 . 0  C o rd  Bl oo d  Meta bo l i t e s  an d  Ne ur od e ve l op men t a l  O utcom e  
i n  Pe r ina t a l  As p h yx ia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 2  
3 . 1  Ea r l y C or d  Me tab o l i t e  Inde x  an d  Ou tcom e  i n  Pe r in a t a l  
As p h yx i a  an d  Hyp o x ic - I s c haemic  Enc ep ha lo pa t h y  . . . . . . . . . . . . .  1 6 3  
3 . 1 . 1  Ab s t rac t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 3  
3 . 1 . 1 . 1  Back gr ou nd  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 3  
3 . 1 . 1 . 2  Ob jec t i ve s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 3  
3 . 1 . 1 . 3  Me t ho d s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 3  
3 . 1 . 1 . 4  Re su l t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 4  
3 . 1 . 1 . 5  Co nc lu s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 4  
3 . 1 . 2  In t ro duc t io n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 5  
3 . 1 . 3  Me t ho d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 7  
3 . 1 . 3 . 1  Pa t i e n t  s e l ec t i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 7  
3 . 1 . 3 . 2  T hree -ye a r  ne ur ode ve l opme nta l  o u tc ome . . . . . . . . . .  1 6 8  
3 . 1 . 3 . 3  Me ta bo l omic  a na l ys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 8  
3 . 1 . 3 . 4  S t a t i s t i ca l  an a l ys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 9  
3 . 1 . 4  Re su l t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7 1  
3 . 1 . 4 . 1  S t ud y P o pu la t i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7 1  
3 . 1 . 4 . 2  Pre d ic t io n  o f  O utc ome  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7 4  
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3 . 1 . 5  Di scu s s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 8 6  
3 . 1 . 6  Co nc lu s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 0  
4 . 0  R e gi ona l  Va r i a t i on  in  t he  Ba yl ey -3 :  a  l o w  r i s k  hea l t h y  
I r i sh  p op u la t io n  a t  2  ye a r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 1  
4 . 1  Ab s t rac t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 2  
4 . 1 . 1  Ob jec t i v e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 2  
4 . 1 . 2  De s i gn  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 2  
4 . 1 . 3  Se t t i n g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 2  
4 . 1 . 4  Pa t i e n t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 2  
4 . 1 . 5  Ma i n  Ou tcom e  Mea s ure s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 2  
4 . 1 . 6  Re su l t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 2  
4 . 1 . 7  Co nc lu s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 3  
4 . 2  In t ro duc t io n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 4  
4 . 3  Aim  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 9  
4 . 4  Me t ho d s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 9  
4 . 4 . 1  Pa r t i c i pan t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 9  
4 . 4 . 2  Pr oce du re  a nd  Ana l ys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 0  
4 . 5  Re su l t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 1  
4 . 5 . 1  S t ud y P o pu la t i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 1  
4 . 5 . 2  Com par i s on  wi th  U. S .  no rma t i ve  da t a  . . . . . . . . . . . . . . . . . . .  2 0 2  
4 . 5 . 3  Com par i s on  wi th  U. S .  no rma t i ve  da t a  a f t e r  i nc l us io n  o f  
a  c l i n i ca l  su b -gr ou p  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 6  
4 . 5 . 4  Com par i s on  wi th  U. K da t a  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 6  
4 . 5 . 5  Com par i s on  be tw een  a s se ss o r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 7  
4 . 6  Di scu s s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 0  
4 . 7  Co nc lu s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 5  
5 . 0  T ouc h  Sc ree n  U sa ge  i n  T od dle r s :  a  f ea s i b i l i t y  s t ud y f o r  a  
n o ve l  a s se s sme nt  t o o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 6  
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5 . 1  Back gr ou nd  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 7  
5 . 1 . 1  Pe r i na t a l  Bra in  In ju r y an d  C o gni t i ve  O utc ome  . . . . . . .  2 1 9  
5 . 1 . 2  Ra t io na le  f o r  d e ve l opm ent  o f  a  ne w  co gn i t i ve  
a s se s smen t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 2 1  
5 . 1 . 3  Co ncep t ua l  de ve l opme nt  o f  a  n o ve l  c o gn i t i ve  
a s se s smen t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 2 9  
5 . 1 . 4  T ouc h -sc reen  p l a t f o r m fo r  n eu ro ps yc h o l o gi ca l  
a s se s smen t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 2  
5 . 2  T ouc h -Sc re e n  U sa ge  i n  T od dle r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 6  
5 . 2 . 1  Ab s t rac t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 6  
5 . 2 . 1 . 1  Ob jec t i ve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 6  
5 . 2 . 1 . 2  De s i gn  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 6  
5 . 2 . 1 . 3  Re su l t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 6  
5 . 2 . 1 . 4  Co nc lu s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 6  
5 . 2 . 2  In t ro duc t io n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 7  
5 . 2 . 3  Me t ho d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 8  
5 . 2 . 4  Re su l t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 0  
5 . 2 . 5  Di scu s s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 2  
6 . 0  M et ho dol o gy a nd  Te s t i n g  o f  a  No ve l  To uc h -Sc reen  
C o gni t i ve  As se s sme nt  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 4  
6 . 1  Me t ho do l o gy o f  de ve l op i n g  a  t o uc h -s c r een  a ss e s sm ent  .  2 4 5  
6 . 1 . 1  Aim s  o f  t he  Bab ys c r een  Ap p  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 5  
6 . 1 . 2  Pr o t o t yp e  De ve l opme nt  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 6  
6 . 1 . 2 . 1  Fe a s i b i l i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 6  
6 . 1 . 2 . 2  Ea r l y Ta s k  De ve lo pme nt  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 9  
6 . 1 . 2 . 3  Acce p ta b i l i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 5 0  
6 . 1 . 2 . 4  Ap p  i t e ra t io n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 5 1  
6 . 1 . 2 . 5  Fi n a l  e va l ua t i on  an d  S OP  de ve lo pme nt  . . . . . . . . . . . .  2 5 2  
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6 . 1 . 3  Ta s k  De sc r ip t io ns  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 5 8  
6 . 2  Pe r fo rma nce  o f  t he  Bab ys c r ee n  Ap p  in  a  p i l o t  c oh or t  . . .  2 7 2  
6 . 2 . 1  Aim s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 2  
6 . 2 . 2  Me t ho do l o gy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 2  
6 . 2 . 3  Ana l ys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 6  
6 . 2 . 3 . 1  Sp eed  s co re s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 7  
6 . 2 . 3 . 2  Acc urac y s c ore s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 9  
6 . 2 . 3 . 3  E f f i c i enc y S c ore s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 9  
6 . 2 . 3 . 4  Su mmat i ve  sc ore s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 8 0  
6 . 2 . 3 . 5  Neu ro de ve lo pme nta l  com par i s on  an a l ys i s  . . . . . . . .  2 8 1  
6 . 2 . 3 . 6  S t a t i s t i ca l  ana l ys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 8 1  
6 . 2 . 4  Re su l t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 8 3  
6 . 2 . 4 . 1  Neu ro de ve lo pme nta l  O utc ome  . . . . . . . . . . . . . . . . . . . . . . . .  2 8 3  
6 . 2 . 4 . 2  Ap p  pe r fo rma nce  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 9 0  
6 . 2 . 4 . 3  Com par i s on  o f  Bab ys c r ee n  Ap p  pe r f o rma nce  an d  
Ba yl e y-3  C o gn i t i ve  Sc ore s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 0 0  
6 . 2 . 4 . 4  Hi gh  Ri s k  Gr ou p  St ud y –  Hyp o x ic - I s c haemic  
E ncep ha l opa th y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1 0  
6 . 2 . 5  Di scu s s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1 3  
6 . 2 . 5 . 1  S t ren g th s  an d  Li m i t a t io ns  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1 3  
6 . 2 . 5 . 2  Fu t u re  Wor k  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1 7  
6 . 2 . 6  Co nc lu s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1 8  
7 . 0  D i scu s s i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 2 0  
7 . 1  Su m mar y o f  Ma in  Fi n d i n gs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 2 0  
7 . 2  S t ren g th s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 2 3  
7 . 3  Li m i t a t i on s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 2 5  
7 . 4  Impac t  o f  The s i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 2 7  
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7 . 5  Fu t u re  Wor k  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 3 3  
8 . 0  Bi b l io gra ph y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 3 6  
9 . 0  Ap p en dice s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 6 8  
A.  Ba b ys c ree n  Ap p  Que s t i on na i re  an d  P ro to t yp e  Te s t i n g  
D oc ume nt s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 6 8  
B.  Bi HIV E  2  Pa t i en t  In fo rma t i on  an d  C on se n t  Fo r m s  . . . . . .  3 7 1  
C .  P a t i e n t  N eu ro de ve lo pment  Re ten t i on  Doc ume nt s  . . . . . . . .  3 8 2  
D .  Ba b ys c ree n  Ap p  Be ha v io ur  O b se r va t i on  R eco rd  . . . . . . . . .  3 9 2  






T he  th es i s  s ubm i t t e d  i s  t he  can d i da t e ’ s  o wn  w or k  an d  ha s  no t  
b een  s ubm i t t e d  f o r  a no the r  de gr ee ,  e i t he r  a t  U ni ve r s i t y  C ol l e ge  




______________________                                                      _____________ 





Wh en  I  came  t o  Co rk  U ni ve r s i t y  Ho s p i t a l  a s  a  pae d ia t r i c  S HO ,  I  
h ad  no  idea  the  jo ur ne y tha t  l a y  a hea d  o f  me .  M y s up e r v i so rs ,  Dr  
D e i rd re  Mu rra y an d  Pr of  Ge ra ld ine  Bo yl a n ,  ga ve  me  th e  cha nce  
t o  j o i n  t he  exc i t i n g  w o r ld  o f  c l i n i ca l  r e s ea rc h  an d  h a ve  i n sp i red  
me  e ve r y s t e p  o f  t h e  wa y.  The i r  p a s s io n  fo r  im pr o v i n g  hea l t hca re  
f o r  t he  mo st  vu ln e ra b le  ba b ie s  a nd  th e i r  p ur s u i t  o f  e xce l l ence  in  
t ha t  q ue s t  wi l l  c on t in ue  to  i n f lue nce  me  i n  m y f u t u r e  ca ree r .  I ’d  
l i ke  t o  s i nce re l y t ha nk  t hem fo r  t he  kn o wled ge  t he y ha ve  sh a red ,  
t he  en t hu s i a s m an d  the  gu i dance  t ha t  ma de  th i s  t he s i s  po s s i b l e .  
I ’ ve  ga ine d  so  man y n e w sk i l l s ,  ha d  so  man y e xpe r i e nce s  a nd  
ac h ie ved  t h in gs  I  w ou ld  ne ve r  ha ve  th ou gh t  po s s i b l e  w i th ou t  
t hem.   
I ’ d  a l s o  l i ke  t o  t han k  m y c o l l ea gue s  w ho  sh a re d  t he  l a t e  n i gh t s  
o n  ca l l  a s  we l l  a s  t h e  up s  an d  do w n s  o f  t he  r e sea r ch  p roce s s ;  Dr  
An n  M ar i e  Lo o ne y,  D r  N iamh D en iha n ,  M r  Rh od r i  Ll o yd ,  M r  
R o be r t  Go uld in g ,  D r  Li u dmi la  Kh a ro sh an ka ya  an d  D r  E lena  
P a v l id i s .  T he  co l l ab ora t io n ,  c oo pe ra t i on  a nd  ded ica t i on  o f  t h i s  
u n i que  g ro up  ha ve  he lp ed  keep  me  go i n g  a nd  I  am  gra t e fu l  
b e yo n d  me as ur e  t o  yo u  a l l .   
T here  a re  s o  m an y p eo p le  I ’ ve  me t  t h ro u gh  the  va r i ou s  s tu d ie s  
I ’ ve  be en  i n vo l ved  w i th  tha t  I ’d  l i ke  t o  t h an k  b u t  w ho  a re  t oo  
n ume ro u s  t o  me nt i on  he re .  In  p a r t i cu l a r ,  t o  e ve r yo n e  in vo l ved  in  
t he  Bi HIV E  S tu d y,  e spec i a l l y  M r s  J ea n  C on wa y,  t he  BAS E LI N E 
S t ud y,  t he  Ba b ys c reen  Ap p  p r o j ec t ,  e sp ec i a l l y  M r  S ea n  M ur ray  
a nd  Mr  Ste ven  Bu r ge s s ,  w ho  ma de  the  a pp  a  r ea l i t y ,  a nd  a l l  t he  
me dica l  s t ude n t s  w ho  b ro u gh t  f r e s h  e ye s  t o  ou r  w or k ,  t han k  yo u  
f o r  e ve r yt h i n g .  Tha nk  yo u  to  eve r yo n e  i n  t he  I r i s h  Ce n t re  f o r  
Fo e t a l  an d  Ne ona ta l  T ra n s l a t i on a l  Re sea rch  f o r  t he i r  on go i ng  
h a r d  wo rk  tha t  a l wa ys  made  me  fee l  I  wa s  pa r t  o f  som e th i ng  
r ea l l y  s p ec i a l .   
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M y i n vo l veme nt  i n  r e sea rc h  ha s  been  fu nd ed  b y a  g r an t  f r om t he  
He a l t h  Re sea r ch  Bo a rd  I re l a nd .  I  g r ea t l y  a pp r ec i a t e  t he i r  s up po r t  
o f  t h i s  wor k .   
I  am  p a r t i cu l a r l y g r a t e f u l  t o  t h e  pa re n t s  an d  c h i l d re n  w ho  so  
a l t ru i s t i ca l l y  p a r t i c ipa t ed  i n  t h i s  r e se a rc h .  I  s o  o f t e n  ha d  to  a sk  
p eo p le  a t  t he  mo st  d i f f i cu l t  t ime  o f  t he i r  l i ve s  t o  t u r n  t he i r  
a t t en t i on  t o  r e s ea rc h  fo r  t he  be ne f i t  o f  o t he r s .  I  am  in  a we  o f  
t he i r  gene ro s i t y  a n d  b ra ve r y.  I  w o ul d  a l s o  l i ke  t o  e x t e nd  a  
s pe c i a l  t han k  yo u  to  a l l  t he  s t a f f  i n  Co rk  Uni ve r s i t y  M a te rn i ty  
Ho s p i t a l  w or k in g  t i r e l e s s l y i n  t he  de l i ve r y s u i t e  a nd  neo na ta l  
u n i t  t o  ca re  f o r  a l l  t he  n ew bo rn s  a nd  w ho  su pp or t ed  t h i s  r e s ea rch  
a t  e ve r y s t e p .  
Fi n a l l y  I  w o ul d  l i ke  to  t han k  my f r i en ds  a nd  f ami l y,  pa r t i c u l a r ly  
m y pa re n t s ,  Pa t r i c i a  an d  Eam onn ,  fo r  t h e i r  ne ve r -en d in g  su pp or t  
i n  e ve r y a spe c t  o f  t h i s  p roces s .  An d  to  m y b e s t  f r i en d  and  
p a r t ne r ,  Aida n ,  yo u r  pa t i ence ,  s u pp or t  an d  lo ve  ha s  ke p t  me  
go i n g  a t  e ve r y t u r n  an d  a l wa ys  ma de  me  be l i e ve  I  c ou l d  d o  th i s .  
I  w o uld n’ t  be  he r e  wi t ho u t  yo u .      
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Ta bl e  2 .6 :  To ta l  P op u la t i on  Dem o grap h ic s  . . . . . . . . . . . . . . . . . . . . . . . . .  1 4 9  
Ta ble  2 .7 :  S umm ar y o f  a l l  a c t i v in -A a nd  AC V R2 B c omp ar i s on s  
b e t ween  g ro up s .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5 2  
Ta ble  3 .1 :  D emo gra ph ic  de t a i l s  o f  t he  co ho r t  . . . . . . . . . . . . . . . . . . . . . .  1 7 3  
Ta ble  3 .2 :  M o de l  A;  Med ian  ( IQR )  va l ue s  fo r  a  se l ec t io n  o f  
c l i n i ca l  a nd  b i oc hemica l  ma ke r s  a va i l ab l e  a t  de l i ve r y ac ro s s  
o u tc ome  gro up s .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7 6  
Ta ble  3 .3 :  M o de l  A M edi an  ( IQR )  va l ue s  a c r os s  o u tc ome  gr ou ps  
a nd  p red i c t i ve  a b i l i t y  o f  t h e  m od e l .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7 7  
Ta ble  3 .4 :  M o de l  A;  Med ian  ( IQR )  va l u e s  fo r  c o gn i t i ve ,  
l a n gua ge  a nd  mo to r  c omp o si t e  sc ore s  ac r o s s  ou tc ome  gro up s .  1 7 8  
Ta ble  3 .5 .  Mo de l  B:  M ed ian  ( IQR )  va l ue s  fo r  a  se l ec t io n  o f  
c l i n i ca l  a nd  b i oc hemica l  ma ke r s  a va i l ab l e  a t  de l i ve r y ac ro s s  
o u tc ome  gro up s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 8 1  
Ta ble  3 .6 .  Mo de l  B:  C or re l a t io n  a ga i n s t  ou tcom e  gr ou ps  . . . . . .  1 8 2  
Ta ble  3 .7 :  M o de l  B:  M e dia n  ( IQR )  va l ue s  f o r  c o gn i t i ve ,  
l a n gua ge  a nd  mo to r  c omp o si t e  sc ore s  ac r o s s  ou tc ome  gro up s  1 8 5  
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Ta b le  4 .1 :  S umm ar y o f  l i t e ra tu re  re ga r d i n g  ge o grap h ica l  
d i f fe re nce s  i n  Ba yl e y  S ca l e s  o f  In f an t  an d  To ddle r  De ve l opme nt  
( Ed i t i o n  3 )  s co re s  i n  hea l t h y coh or t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 8  
Ta ble  4 .2 :  M ean ,  mean  d i f f e re nce ,  p -va lu e  a nd  C ohe n’ s  D  whe n  
c ompa r i n g  re s u l t s  wi t h  BS ID -I I I  U S  n orma t i ve  d a t a .  . . . . . . . . . . . .  2 0 4  
Ta ble  4 .3 :  M ean ,  mean  d i f f e re nce ,  p -va lu e  a nd  C ohe n’ s  D  whe n  
c ompa r i n g  re s u l t s  wi t h  BS ID -I I I  U K n orma t i ve  d a t a  . . . . . . . . . . . .  2 0 8  
Ta ble  4 .4 :  C omp ar i s on  o f  bo t h  a s s e s so rs  wi t h  BS ID -I I I  U . S  
n or ma t i ve  da t a  an d  wi t h  each  o th e r .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 9  
Ta ble  5 .1 :  In fa n t  co gn i t i ve  a s se s s me nt .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 2 6  
Ta ble  5 .2 :  Ab i l i t y  t o  i n t e r ac t  wi t h  sc reen  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 1  
Ta ble  6 .1 :  S pee d  sc ore  a s s i gnmen t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 8  
Ta ble  6 .2 :  Ac cu rac y s c ore  a s s i gn ment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 9  
Ta ble  6 .3 :  E f f i c i e nc y s c ore  a s s ign me nt  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 8 0  
Ta ble  6 .4 :  D emo gra ph ic  de t a i l s  o f  co ho r t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 8 6  
Ta ble  6 .5 :  Ba yl e y S ca l e s  o f  In fan t  a nd  To dd le r  De ve l op ment  
( Ed i t i o n  3 )  s ub sc a l e  com po si t e  sc ore s  f o r  Bi HIV E  2  c oh or t  . . .  2 8 7  
Ta ble  6 .6 :  C BC L S c o re s  fo r  t o t a l  co ho r t .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 8 9  
Ta ble  6 .7 :  Ba b ys c ree n  Ap p  pe r fo rma nce :  de sc r ip t i ve  s t a t i s t i c s  on  
t a s k  c omp le t i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 9 2  
Ta ble  6 .8 :  S pee d  Sc ore s  a s s i gned  f o r  eac h  t a sk  . . . . . . . . . . . . . . . . . . .  2 9 6  
Ta ble  6 .9 :  Ac cu rac y S c ore s  a ss ign e d  fo r  eac h  t a sk  . . . . . . . . . . . . . .  2 9 7  
Ta ble  6 .1 0 :  E f f i c i en c y S co re s  a ss i gne d  fo r  ea ch  t a sk  . . . . . . . . . . .  2 9 8  
Ta ble  6 .1 1 :  Co r re l a t i on  ma t r ix  sh o wi n g  co r re l a t i o n s  be t wee n  
s u mmat i ve  sc ore s ,  p re v i ou s  to uch sc ree n  u sa ge  an d  to t a l  p r ob le m 
s co re s  o f  t he  Chi ld  Be ha v io ura l  C hec k l i s t .  . . . . . . . . . . . . . . . . . . . . . . . . .  2 9 9  
Ta ble  6 .1 2 :  Me dia n  ( In t e r qua r t i l e  Ra n ge )  co gn i t i ve  sco re s  on  
Ba yl e y-3  o f  c h i ld ren  wh o  s ucceed ed  an d  fa i l e d  in  each  
Ba b ys c ree n  Ap p  t a sk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 0 1  
Ta ble  6 .1 3 :  Me dia n  ( In t e r qua r t i l e  Ra n ge )  co gn i t i ve  sco re s  on  
Ba yl e y-3  o f  c h i ld ren  wh o  req u i re d  a  de mo ns t ra t io n  a nd  th o se  
w h o  d i d  no t  i n  o rde r  t o  com ple t e  i n  eac h  Bab ys c re en  App  t a s k
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 0 2  
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Ta b le  6 .1 4 :  Co r re l a t i on s  be t ween  spe ed  s co re s ,  a ccu rac y s c or e s  
a nd  e f f i c i e nc y s co re s  a ga i n s t  c ogn i t i ve  s co re s .  . . . . . . . . . . . . . . . . . . .  3 0 3  
Ta ble  6 .1 5 :  Co r re l a t i on  o f  a pp  sc ore s  a ga in s t  t he  co gn i t i ve  
c omp o si t e  s co re s  o f  t he  BS ID -I I I .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 0 7  
Ta ble  6 .1 6 :  Co r re l a t i on s  be t ween  l a n gua ge  c omp o si t e  sco re s ,  
m oto r  c om po si t e  sco re s  an d  t he  s u mmat i ve  sc ore s  o f  
p e r fo rman ce  on  the  Bab ys c ree n  Ap p .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 0 8  
Ta ble  6 .1 7 :  Ma nn  Wh i tne y p -va lu e  i nd i ca t e s  t he  ab i l i t y  o f  each  
o f  t he  summ at i ve  sc ore s  t o  d i f fe r en t i a t e  ch i l d re n  wi th  co gn i t i ve  
s co re s  be l o w a nd  ab o ve  a nd  the  c u t -o f f .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 0 9  
Ta ble  6 .1 8 :  Com pa r i so n  o f  s ummat i ve  s co re s  i n  t he  p i lo t  g ro up  
( made  o f  co n t r o l  a nd  p e r i na t a l  a s p h yx ia  co ho r t s )  ve r su s  t he  
h yp o x ic - i sc haem ic  e nce pha l opa th y g r o u p  . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1 0  
Ta ble  6 .1 9 :  Ut i l i t y  t e s t i n g  o f  cu t -o f f s  i n  ap p  pe r fo rma nce  
s u mma t i ve  sc ore s  f o r  ab i l i t y  t o  p re d ic t  co gn i t i ve  sco re s  l e s s  t h an  




List  of Abbreviat ions  
A AP  =  Amer i can  aca dem y o f  pae d ia t r i c s  
AC V R 2 B =  ac t i vi n -A rec ep t o r  t yp e  I Ib  
AD C  =  ap pa re n t  d i f f u s io n  c oe f f i c i e n t  
AM P A =  α -am in o -3 -h yd r ox y-5 - me t h yl -4 - i s oxa zo le pr op i on ic  ac id  
AN O V A =  ana l ys i s  o f  va r i a nce  
AS D  =  au t i s t i c  spec t ru m d i so rde r  
AS Q  =  a ges  a nd  s t a ge s  q ue s t i onn a i re  
AT N AT  =  Amie l -T i s on  ne ur o l o gica l  a s se s sme nt  a t  t e rm  
AT P  =  a den o s in e  t r i -ph o sp ha te  
BD  =  ba se  de f i c i t  
BGT  =  ba sa l -gan g l i a  t h a l ami  
BS ID  =  Ba yle y s c a l e s  o f  i n fa n t  a nd  t o dd l e r  de ve l opme nt  
C a 2 +  =  ca l c i um  
C AN T AB =  Camb r id ge  ne ur op s yc ho l o gi ca l  t e s t i n g  au t oma te d  
b a t t e r y  
C AT /C LAM S  =  c l in i c a l  a da p t i ve  t e s t /c l i n i ca l  l i n gu i s t i c  a nd  
a ud i t o r y m i l e s t one  sca l e  
C D I  =  c h i l d  de ve lo pmen t  i n ve n to r y  
C D Q  =  co gn i t i ve  de ve l opm ent  qu es t io nna i re  
C I  =  c on f i denc e  i n t e r va l  
C N S  =  cen t ra l  ne r vou s  s ys t em  
C P  =  ce r eb ra l  pa l s y  
C P R =  c a rd io pu lm on ar y r e su sc i t a t i on  
C S F =  ce re br o sp i na l  f l u i d  
C T G =  ca rd i o to co gra ph  
D N A =  de ox yr i b on uc le i c  ac i d  
EE G =  e l e c t roe nce pha l op rap h  
 aEE G =  amp l i tu de  in t e gr a t ed  EEG  
 cEE G =  co n t i nu ou s  EE G  
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E FM  =  e l ec t r on ic  Fo e ta l  mo ni t o r in g  
E LIS A =  en zym e - l i nke d  immu nos o rbe n t  a ss a y  
GD D  =  gl ob a l  de ve lo pme nta l  de l a y  
G FAP  =  g l i a l  f i b r i l l a r y ac id  p ro t e i n  
HIE  =  h yp o xi c - i sc haemic  e nceph a lo pa t h y 
HR V =  hea r t  r a t e  va r i ab i l i t y  
ID  =  ide n t i f i ca t io n  
ID I  =  i n fa n t  de ve l opme nt  i n ven to r y  
IG FR  =  i n su l i n  g r o wth  fa c to r  r ece p to r  
I L =  i n t e r l eu k in  
IP P V  =  in t e rmi t t en t  p o s i t i ve  p re s s u re  ven t i l a t i on  
IQ  =  in t e l l i genc e  qu o t i en t  
IQ R  =  i n t e rq ua r t i l e  r an ge  
K +  = po t a s s i um  
M D I  =  ment a l  de ve lo pme nt in dex  
M HC  =  ma j or  h i s t ocom pa t i b i l i t y  com ple x  
M R I  =  ma gn e t i c  r e s ona nce  ima gi n g  
f M R I  =  f unc t io na l  M R I 
M R S  =  ma gne t i c  r e s on ance  spec t ro sc op y  
M S  =  ma s s  s pec t rom e t r y  
M S E L =  M ul l e n  sca l e s  o f  ea r l y l ea rn i n g   
N a +  =  s od i um  
N IC U  =  n eo n a ta l  i n t en s i ve  c a re  u n i t  
N E =  neo na ta l  e ncep ha l opa th y  
N M D A =  N -me t h yl -D -a s pa r t a t e  
N P V  =  ne ga t i ve  p red i c t i ve  va lue  
O R  =  o dd s  ra t i o  
P A =  pe r i na t a l  a sp h yx ia  
P AR C A =  p a re n t  r ep or t  o f  ch i ld r en ’s  a b i l i t i e s  
P C R =  po l ym e ra se  c ha i n  reac t i on  
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 q RT -P C R =  q ua n t i t a t i ve  re ve r se  t r an sc r ip t io n  P CR   
P KU  =  p hen yl k e to nu r i a  
P LIC =  p o s t e r io r  l i mb  o f  i n t e rna l  cap s u le  
P P V  =  p o s i t i ve  p r ed ic t i ve  va lue  
Q T L =  qu an t i t a t i ve  t r a i t  l oc i  
R N A =  r i bo nuc l e i c  ac id  
mi R N A =  mic ro  R N A  
n R N A =  me s se n ge r  R N A  
R O C =  rece i ve r  o pe r a to r  c ha r ac t e r i s t i c  ( c ur ve )  
 AU R O C /AU C  =  a rea  u nde r  t he  RO C  cu r ve  
R R  =  r i sk  ra t i o  
S D  =  s t a nda rd  de v ia t io n  
S O P  =  s t a nda rd i se d  ope ra t i n g  p ro ced ure  
S V D  =  sp on t ane ou s  va g ina l  de l ive r y  
T BI  =  t r a uma t i c  b ra i n  i n j u r y  
T G F =  t r an s fo rmi n g  g ro wt h  fac to r  
T H =  t he rape u t i c  h yp o t he rmi a  
T N F =  t um ou r  nec r o s i s  f ac t o r  
U C B =  umb i l i ca l  co rd  b lo od  
U C H L-1  =  u b iq u i t i n  c a r bo x y- t e rmi na l  h yd r o la se  L1   
ZP D  =  zone  o f  p r ox ima l  de ve lo pme nt  
1 H-N M R  =  pr o to n  nu c lea r  ma gne t i c  r e so nance   
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Publicat ions and Presentat ions  
Publica t ions  
▪  C o rd  b lo od  I L - 16  i s  a s s oc i a t ed  w i t h  3 -ye ar  
n eu ro deve lo pm ent a l  ou tc o me s  i n  p er in a ta l  a s phyx ia  an d  
h yp ox ic - i sch ae mic  ence ph a l op a th y .   
Ah e a r ne  C ,  C han g  R,  Wal s h  B ,  Bo yl a n  G,  Mu rr a y D .  
D e ve lo pme nta l  Ne ur o sc i e nce .  201 7  ( In  P re s s )   
▪  E a rly  C o rd  Me ta bo l i t e  I nd ex  a n d  O utc om e  in  Pe r i na ta l  
A s phyx i a  an d  Hy po x ic - I sch ae mic  Enc ep ha l op a th y .   
Ah e a r ne  CE ,  De n ih an  N M,  Wal s h  BH,  Re in ke  S N ,  Ke nn y  
LC ,  Bo yl a n  GB,  Br oa dh ur s t  D I ,  Mu r ra y D M .  Ne ona t o l o gy.  
2 0 16  Au g  3 ;  11 10  (4 ) :  2 96 -3 02 .  
▪  T o uc h - sc ree n  Tec hn o lo gy  U s age  in  To dd le r s .   
Ah e a r ne  C ,  Di l w or t h  S ,  Ro l l i n gs  R ,  Li v i n gs t one  V ,  Mu rr a y 
D .  Arc h  Di s  C hi ld  2 01 6 ;  1 01 :1 81 -1 83 .  
▪  S h or t  a nd  Lo ng  Te rm  P ro gn o s i s  i n  pe r i na t a l  a sp hyx i a :  An  
u p da te .   
Ah e a r ne  C ,  Bo yl an  G,  Mu rra y  D .  Wo r ld  J  C l i n  P ed ia t r  
2 0 16  Fe br ua r y 8 ;  5  ( 1 ) :  6 7 -74  
▪  D o wn st re a m mR NA  t ar ge t  a na ly s i s  i n  neo na t a l  h yp ox ic -
i sc hae mic  e ncep ha lo pa t hy  i de n t i f i e s  n ove l  ma rke r  o f  seve re  
i n ju ry :  a  p ro o f  o f  co ncep t  pa pe r .   
Lo o n e y AM ,  Ah e a r ne  C ,  Ha l lbe r g  B ,  Bo yl a n  G,  Mu rra y D .  
M o lecu l a r  Ne ur ob i o l o gy.  20 16  Dec  1 2  (E pu b  a hea d  o f  
p r i n t )  
▪  G l i a l  F ib r i l l a ry  Ac i d i c  P r o te i n  i s  n o t  an  e a r l y  ma rk e r  o f  
i n ju ry  in  pe r i na ta l  a sp hyx i a  an d  hyp ox ic  i sch ae mic  
e ncep ha lo pa t hy .   
Lo o n e y A-M ,  Ah ea rne  C ,  Bo yl a n  GB,  M ur ra y D M .  
Fr o n t i e r s  i n  Neu ro l o gy.  2 01 5 ;  Dec  2 1 ;6 :6 2 4 .  
▪  E a rly  EE G  f in d i ng s  i n  t u be ro u s  sc l e ro s i s  c o mplex  
p re se n t i ng  w i th  a pne ic  se i z u re s  so on  a f t e r  b i r th .  
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Kh a ro s han ka ya  L,  M u r ra y D M ,  Bo gue  C ,  Ah ea r ne  C ,  
M u rp h y BP ,  Bo yl an  GB.  Cl in  Ne ur op h ys i o l .  2 01 6  Au g  
4 ;1 27 (1 0) :3 2 65 -3 26 7 .  
▪  S e i zu re  b u rde n  a nd  neu r odeve lo pm ent a l  o u tco me  i n  
n eo na te s  wi th  hy pox ic - i sc he mic  e ncep ha lo pa t hy .  
Kh a ro s han ka ya  L,  S t e ven s on  N J ,  Li v i n gs t one  V,  Mu rr a y  
D M ,  M ur ph y BP ,  Ah ea r ne  C E ,  Bo yl an  GB.  D e ve l op menta l  
M ed ic in e  an d  C hi l d  Ne ur o l o gy .  2 0 1 6  Dec ; 58 (1 2) :1 2 42 -





Presen ta t ions  
▪  1 0 t h  He r sh e y C on fe re nce  o n  De ve lo pme nta l  Bra i n  In j u r y,  
E que v i l l y ,  Fr a nce ,  J un e  8 t h -11 t h  20 16 .  C or d  B lo od  I L - 16  
p re d ic t s  n eu ro deve l op me nt a l  o u tc o me  a t  3  ye ar s  i n  
p er in a ta l  as ph yx ia  an d  HI E .  Ah ea r ne  C ,  Cha n g  R ,  Wal sh  
B ,  Bo yl a n  G,  Mu rra y D  ( Ka r ge r  Y o un g  In ve s t i ga t o r s  T ra ve l  
Aw a r d  Win ne r )  
▪  1 s t  Co n gre s s  o f  j o i n t  E ur ope an  N eo na ta l  Soc ie t i e s  ( jE N S) ,  
5 6 t h  ES P R /E S N An n ua l  Me e t in g ,  5 t h  In t e rna t i on a l  Co n gre ss  
o f  UE N P S.  Bu da pe s t ,  Se p temb er  16 t h -2 0 t h  20 15  Bay le y  
S ca le s  o f  In fa n t  a nd  T od d le r  Deve lo pm ent  (E d i t i on  3 )  i n  a  
l ow r i sk  he a l t hy  p op u l a t io n  Ahea rne  CE ,  Han no n  G,  Kie l y  
M ,  Ke nn y LK,  J  O’ B Ho ur i han e ,  M ur ra y D M (2 n d  P r i ze  
Y o un g  In ve s t i ga to r s  Aw a rd  Winn e r )  
▪  In a u gura l  IN FAN T  re se a rc h  da y,  Co rk ,  J u ne  16 t h  2 01 5  
B ay ley  Sca le s  o f  In f an t  a nd  To d d le r  Deve l op me nt :  H ow 
d oe s  the  2y r  o l d  I r i sh  p op u la t io n  co mp a re?  Ahea rn e  CE,  
Ha n no n  G,  Kie l y M ,  Ken n y LK ,  J  O ’ B Ho ur i han e ,  M ur ra y 
D M   
▪  I r i sh  Pae d ia t r i c  As s oc ia t io n ,  C la r i on  Ho te l ,  Co rk ,  
S e p temb er  26 t h -2 7 t h  2 01 4  T ouch - sc ree n  t ec hn o lo gy  u sa ge  
i n  t o dd le rs  –  i s  t he re  a n  a pp  f o r  t ha t ?  Ahea rn e  C ,  D i l wo r th  
S ,  R o l l i n gs  R ,  M ur ra y S ,  M ur ra y  D M  
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In t roduc t ion  
Ap p r ox i ma te l y 1 0  mi l l i on  o r  8 % of  a l l  ba b ie s  wi l l  r e qu i re  
r e s u sc i t a t i o n  a t  b i r t h  eac h  yea r .  Pe r ina t a l  a sp h yx ia  r ema i ns  a  
s i gn i f i ca n t  ca us e  o f  dea th  a nd  d i sab i l i t y  w or l d wid e .  S i nce  t he  
a d ve n t  o f  t he rap eu t i c  h yp o t he rmia ,  ou t come s  ha ve  im pr o ved  fo r  
e l i g i b l e  i n fan t s .  Ho we ve r ,  cu r re n t l y a va i l a b l e  t o o l s  a re  l imi t ed  
i n  t he i r  ab i l i t y  t o  p re d ic t  neur od e ve l op ment a l  o u tco me  in  t he  
w i nd ow  re qu i r e d  fo r  i n i t i a t i o n  o f  co o l in g .  C oo l in g  i t s e l f  a l t e r s  
t he  p red ic t i ve  va l ue  o f  some  o f  o ur  m or e  re l i ab l e  p r o gno s t i c  
t oo l s  su ch  a s  c l i n i ca l  a s se s sme nt  an d  e l ec t ro ence ph a lo gra ph y  
( EE G) .  Ro bu s t  p r o gno s t i c  ma rke rs  a va i l a b l e  s ho r t l y  a f t e r  b i r th  
a re  u r gen t l y r eq u i r e d  t o  i n f o r m c l i n i ca l  ca re  p l a nn in g  f o r  
a f fec t ed  in fan t s .   
O u t s ide  o f  t he  neo na ta l  pe r io d ,  a pp ro pr i a t e  a s se s smen t  o f  
n eu ro de ve lo pmen t  i n  ea r l y c h i ld ho od  i s  im po r t an t  fo r  t he  
i den t i f i c a t io n  o f  t ho se  wi th  de f i c i t s ,  t o  a l l o w  in t e r ven t io n  a nd  
a r ra n ge  su pp or t .  Whi l e  m ot or  a nd  l a n gua ge  d e f i c i t s  a re  o f t en  
r e vea l ed  in  t he  p re sc ho o l  pe r io d ,  c o gn i t i ve  d i f f i c u l t i e s  ca n  go  
u n de tec t e d  un t i l  l a t e r  c h i l dh ood .  Co n ve r se l y d ue  t o  t he  d emand  
o n  m ot or  a nd  l an gu a ge  ab i l i t i e s  o f t e n  req u i re d  du r ing  
a s se s smen t s  o f  c o gn i t i ve  a b i l i t i e s ,  ch i ld ren  w i th  de l a ys  i n  t h e se  
d oma i n s  d o  no t  a ch ie ve  sc ore s  t ha t  ac cu ra t e l y re f l ec t  t he i r  
c o gn i t i on .  An  e v ide nce -ba sed  u nde rs t an d in g  o f  c o gn i t i ve  
d e ve l op ment  i n  ch i ld ren  i s  s t i l l  l a ck i n g .  T h i s  i s  e spe c i a l l y  t rue  
w he re  a  pe r ina t a l  i n ju r y ha s  a l t e re d  a  c h i l d ’ s  de ve lo pmen ta l  
t r a j ec t o r y.   
Wi t h  th i s  i n  m in d ,  t h e  a im  of  t h i s  t he s i s  wa s  to  im pr o ve  our  
a b i l i t y  t o  p red i c t  an d  me as ur e  ne ur ode ve l opme nta l  o u tc ome  w i th  
p a r t i cu l a r  r e fe r ence  t o  h i gh - r i s k  i n fa n t s  w i th  pe r i na t a l  a s ph yx i a .  
T h i s  i s  ac h ie ved  b y t e s t i n g  t h e  ab i l i t y  o f  p rom is in g  no ve l  
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b ioma rk e r s ,  mea su red  in  umb i l i ca l  co rd  b lo od ,  t o  p re d ic t  
n eu ro de ve lo pmen ta l  o u tc ome  in  ea r l y c h i ld ho od .  Fu r th e rm ore ,  
c u r ren t l y u se d  mea su re s  o f  n eu ro de ve lo pme nta l  o u tc ome  in  ea r ly  
c h i ld ho od  a re  ex amin ed  f o r  t he i r  u t i l i t y  a nd  a  n o ve l  t o uch -s c reen  
mea s ure  o f  co gn i t i ve  de ve l opmen t  i s  p ro po se d .   
 
Methodology  
Fo u r  d i s t i nc t  c oh or t s  we re  u t i l i s ed  in  t he  c ou r se  o f  t h i s  t he s i s .  
T he  in i t i a l  a i m  of  t h i s  t he s i s  w a s  co mple t ed  wi t h  a  ca r e f u l ly  
d e f i ned  co ho r t  o f  ch i l d r en  wi t h  pe r ina t a l  a sp h yx i a  an d  h yp o xi c -
i sc haemic  ence pha lo pa th y ( HIE )  rec ru i t ed  f r om Sep temb er  20 09  
t o  J une  2 01 1 .  T he  umb i l i ca l  co rd  b lo od  o f  t he se  in fa n t s  was  
c o l l ec t ed  a t  b i r t h  an d  wa s  s u b seq uen t l y a na l ys e d  u s i ng  
u n ta r ge t ed  o r  s emi - t a r ge t e d  t ec hn i que s  f ro m pr o te omics ,  
me t ab o lom i c s  a nd  t r an sc r ip tomic s .  T ho se  ma rke r s  i den t i f i ed  a s  
p ro mi s in g  f o r  p re d ic t i on  o f  HIE  s e ve r i t y ,  a s  de f i ne d  b y 2 4  ho ur  
c l i n i ca l  a s se s sme nt  a nd  EE G,  w ere  inc l ude d  f o r  a na l ys i s  o f  
a b i l i t y  t o  p r ed ic t  c h i l dh oo d  ne ur ode ve l opme nta l  o u tc ome .  
O u tcome  wa s  mea s ure d  ba s ed  on  pe r f o rm ance  in  t he  Ba yl e y  
S ca l e s  o f  In fan t  a nd  To dd le r  De ve lo pme nt  (E d i t i on  3 )  a t  t h ree  
ye a r s .  B ioma rke r s  wer e  c om pare d  t o  c ur ren t l y a va i l ab l e  
b ioc hemic a l  a nd  c l i n i ca l  ma rke rs .   
A r e t ro s pec t i ve  c oh or t  wa s  an a lys e d  t o  exami ne  t he  pe r f o rm ance  
o f  a  l o w - r i sk  loca l  co ho r t  o n  t he  Ba yl e y-3  a t  t wo  ye a r s  an d  th i s  
w a s  c om pare d  to  a va i l ab l e  s t a nda rd i se d  sc ore s .   
As  pa r t  o f  t he  de ve lo pme nt  o f  a  no ve l  c o gn i t i ve  a s se s sme nt  t oo l ,  
a n  i n i t i a l  s u r ve y o f  t o uch -s c ree n  u sa ge  i n  t od d le r s  wa s  ca r r i ed  
o u t .  A pa r en ta l  q ues t io nna i r e  w as  a dmi n i s t e red  t o  an  
o p por tu n i s t i c  sam ple  o ve r  a  f i ve  m ont h  pe r i od ,  Ma y t o  
S e p temb er  20 14 ,  i n  i n -pa t i en t  a nd  ou t -pa t i en t  s e t t i n gs .  P a re n t s  
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w er e  a ske d  t o  re po r t  p re va le nce  a nd  q ua l i t y  o f  t ouc h -sc reen  
u sa ge  in  t h e i r  t o dd le r s .   
T he  su b seq ue n t  pha se  o f  t he  t oo l  de ve l op ment  wa s  p i lo t  t e s t i ng  
o f  t he  “ Bab ys c ree n  Ap p” .  Th i s  wa s  pe r f o r med  o n  a  s imi l a r l y  
d e f i ned  c oh or t  o f  i n f an t s  wi t h  pe r i na t a l  a s ph yx ia  a s  de sc r i bed  
a bo ve ,  a s  we l l  a s  a  c on temp ora r y c on t r o l  g ro up ,  p ro s pec t i ve l y  
r ec r u i t e d  f rom  Ma rch  20 13  to  J u ne  2 01 5 .  The  Bab ys c re en  App  
w a s  ad min i s t e re d  a l on gs ide  t he  Ba yl e y-3  a nd  o the r  p a re n ta l  
r ep or t s  o f  de ve lo pmen t  a nd  beh a vi ou r  a t  a ge  18  m ont h s  t o  2  
ye a r s .   
 
Results  
I L-6  a nd  IL-1 6  we re  p r e vio u s l y i den t i f i e d  a s  p ro mi s ing  
i n f l a mmat or y p ro t e in s  fo r  p red ic t i on  o f  HIE  se ve r i t y .  3 3  in fa n t s  
h ad  e a r l y co rd  b l oo d  mea s ureme nt s  o f  t he se  p r o t e i ns  and  
n eu ro de ve lo pmen ta l  o u tc ome  a t  t h ree  ye a r s .  I L -1 6  wa s  a b le  t o  
p re d ic t  a  se ve re  ou t come  wi t h  a n  a rea  u nde r  t he  R O C c ur ve  o f  
0 . 83  ( p=0 .0 1) .  Le ve l s  ≥  5 14  p g/m L p r e d ic t e d  a  se ve r e  o u tc ome  
w i t h  a  se n s i t i v i t y  o f  83 % an d  a  s pe c i f i c i t y  o f  8 1% .  I L -6  w a s  no t  
f ou nd  t o  p re d ic t  ne ur ode ve l opme nta l  o u tco me  a t  t h ree  ye a r s .   
Gl i a l  f i b r i l l a r y ac id i c  p r o t e i n  (G FAP )  h a s  be en  id en t i f i e d  a s  a  
p o te n t i a l  b i omar ke r  fo r  HIE  i n  p o s t -na t a l  s ample s .  1 69  i n f an t s  
( 83  c on t r o l s ,  5 6  pe r in a t a l  a sp h yx ia ,  30  HIE )  ha d  GFAP  m ea s ured  
i n  um bi l i c a l  co rd  b l oo d  a t  b i r th .  In  our  co ho r t ,  G FAP  w a s  n o t  
f ou nd  t o  be  e l e va t ed  i n  i n f an t s  w i th  HIE  ( p=0 .5 7) ,  n or  wa s  i t  
c o r re l a t e d  wi t h  ne ur ode ve l opmen ta l  ou tcom e  ( p= 0. 92 ) .   
Hu m an  mi c ro R N A,  mi R -37 4a ,  ha s  been  fo un d  to  be  d o wn -
r e gu la t e d  i n  i n fa n t s  wi th  HI E .  Do w n st rea m fac to r s  o f  t h i s  
mic ro R N A we re  i n ve s t i ga t e d  fo r  a b i l i t y  t o  p re d ic t  HIE  se ve r i t y  
a nd  ou tcom e .  17 7  i n fa n t s  (8 8  c on t r o l s ,  56  pe r i na t a l  a s ph yx i a ,  28  
HIE )  we re  i nc l ude d  i n  a na l ys i s .  AC VR 2 B wa s  d i s co ve re d  t o  be  
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e l e va t e d  in  se ve re  HIE  com par ed  t o  o th e r  g ro up s  ( p<0 .0 5) .  Whi l e  
t he re  wa s  a  t r e nd  to  i nc r ea sed  AC V R2 B in  i n fa n t s  wi th  an  
a bn orma l  o u tc ome ,  n um ber s  wi th  suc h  a n  ou tc ome  w ere  to o  l ow 
t o  de t e rmin e  s i gn i f i ca nce .   
Lo o k in g  a t  p r omi s i n g me ta bo l i t e s  fo r  t h e  p red ic t i on  o f  ou t come  
i n  HIE ,  t wo  m od e l s  were  p re v i ou s l y id en t i f i e d .  T he  f i r s t  was  
d e r i ved  f r om c om bine d  d i rec t  i n f u s io n  an d  l i q u id  
c hr oma t o grap h y ma s s  spe c t r ome t r y ba se d  on  a l t e ra t i on s  o f  
d ecen o yl - L-c a r n i t i ne ,  3 , 5 - t e t rad ecad ien ca rn i t i n e ,  PC  ae  C 38 :0 ,  
p he n yla l an i ne  a nd  p ro l ine  (mo de l  A) ,  an d  t he  sec on d  was  
d e r i ved  f ro m 1 H-N M R  spec t r o sco p y b as ed  a l t e ra t i on s  o f  
s uc c ina t e ,  gl yc e r o l ,  3 -h yd r o x yb ut yr a t e  a nd  O -p ho s ph och o l ine  
( mo de l  B) .  M ode l  A mea s ureme nt s  an d  n eur od e ve l op menta l  
o u tc ome  wer e  a va i l ab l e  i n  36  in fa n t s .  T h i s  mo de l  c ou l d  p red ic t  
a bn orma l  o u tco me  wi t h  an  a rea  un de r  R OC  cu r ve  o f  0 . 77 ,  
p <0 .0 1 .  T h i r t y -o n e  in fa n t s  ha d  b o t h  me ta bo l omic  a na l ys i s  un de r  
M o de l  B  a nd  ne uro de ve lo pme nta l  ou tcom e  a t  36 -4 2  m ont h s .  T he  
me t ab o l i t e  sco re  w as  ro bu s t  t o  p r ed ic t  bo t h  s e ve re  ou tcome  (a rea  
u n de r  R O C  cu r ve  o f  0 . 92 ,  p<0 . 01)  a nd  in t ac t  s u r v i va l  ( 0 . 80 ,  
p =0 .0 1) .   
In  t he  re t r o spe c t i ve  ana l ys i s  o f  a  l o w -r i sk  co ho r t  o f  t w o -ye a r  o ld  
c h i ld re n  fo r  pe r fo rma nce  on  th e  Ba yl e y -3 ,  24 0  c h i l d re n  we re  
i den t i f i e d  fo r  i n c lu s i on .  La n gu a ge  a nd  f in e  mo tor  sco re s  were  
s i gn i f i ca n t l y h i gh e r  com p ar ed  to  U. S  s t an da r d i sed  n orm s ,  10 9  ±  
1 3  v .  1 00  ±  1 5 ,  p< 0. 00 1 ,  an d  11 .5  ±  2  v .  10  ±  3 ,  p <0 .0 01  
r e s pec t i ve l y.   
Fo r  t he  exam ina t io n  o f  t ou ch -s c r een  u sa ge  i n  t od d le r s ,  82  
q ue s t i on na i re s  we re  c om ple t e d  b y pa ren t s  o f  t yp ica l l y  
d e ve l op in g  c h i l d re n  a ged  1 2  to  3 6  mo nth s .  71%  o f  t o dd le r s  
i nc lu de d  h ad  a cce s s  t o  t o uc h -sc r een  de v ice s  fo r  a  media n  ( IQ R)  
o f  15  ( 9 -26 )  m in u te s  pe r  da y.  By 2 4  mo nth s  t he  ma j or i t y  o f  
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c h i ld re n  we re  ab l e  t o  s wi pe ,  u n lo ck  a nd  ac t i ve l y l o ok  fo r  t o uch -
s c r een  fea tu re s .   
In  t e s t i n g  a  no ve l  t ouc h -sc reen  ba sed  co gn i t i ve  a s se s sme nt ,  95  
c h i ld re n  u nd e r we nt  a dmin i s t ra t i on  o f  t he  Bab ys c ree n  Ap p  and  
t he  Ba yle y-3 .  S i gn i f i c an t  m ediu m s i ze d  co r re l a t i o n s  o ccu r red  
b e t ween  va r i ou s  me as ur e s  o f  a p p  pe r f o r mance  ( in c lu d in g  to t a l  
t a s k s  com ple t ed ,  a ve ra ge  spe ed ,  ac cu rac y an d  e f f i c i enc y)  a nd  
c o gn i t i ve  co mp os i t e  sco re s  o n  th e  Ba yl e y-3 .  C om bine d  mea s ure s  
o f  o ve ra l l  ap p  pe r f o r mance  cou ld  p re d ic t  co gn i t i ve  s co re s  l e s s  
t han  90  ( 1S D be l o w the  mea n  o f  o ur  c oh or t )  wi t h  a n  a re a  u nde r  
t he  R OC  cu r ve  o f  0 . 69  ( 0 . 55 -0 .83 ) ,  p =0 .0 2 .   
P re v i ou s  to uc hs c ree n  ex pe r i e nce  a f fec t e d  accu rac y a nd  
e f f i c i enc y b u t  n o t  o the r  m ea su re s  o f  ap p  pe r fo rman ce .  P re -
e x i s t i n g  be ha vi ou r  t r a i t s  a s  mea su re d  b y pa ren t a l  r ep or t  on  the  
C hi l d  Beha v i ou ra l  Chec k l i s t  w e r e  n o t  a s s oc i a t e d  wi t h  a pp  
p e r fo rman ce .  C or re l a t i on s  o f  a pp  pe r f o rm ance  mea s ure s  wi th  
m oto r  an d  l a n gua ge  c om po si t e  sc ore s  wer e  l e ss  t ha n  co r re l a t i o ns  
w i t h  co gn i t i ve  s cor e s  t he reb y s u gge s t in g  re duc ed  re l i a nce  on  
t he se  o th e r  d oma i ns  wi t h  us e  o f  t he  a pp .   
 
Conclus ion  
T hi s  t he s i s  ha s  sh o wn  t ha t  n o ve l  b i omar ke rs  me as ur ed  in  
u mbi l i ca l  co rd  b lo od  a t  b i r th  ca n  p re d ic t  neu ro de ve lo pmen ta l  
o u tc ome .  T he se  p romi s i n g  p ro t e in s  a nd  me ta bo l i t e s  c an  
o u t pe r fo rm  cu r re n t l y a va i l ab l e  b ioc hemic a l  an d  c l in i ca l  
d i a gno s t i c  a nd  p r o gno s t i c  t oo l s  o f  HIE .  I  ha ve  a l s o  s ho wn  th a t  a  
w i de l y u s ed  neu ro de ve lo pmen ta l  a s se s sme nt  o f  ea r l y c h i ld ho od  
h as  ce r t a i n  l im i t a t i on s  fo r  r e sea r ch  an d  c l i n i ca l  u t i l i t y  i nc lu d i ng  
t ha t  o f  r e gi on a l  va r i a t i on  in  s co re s .  La s t l y ,  t h i s  t he s i s  ha s  
p ro po se d  a  no ve l  c o gn i t i ve  a ss e s smen t  u s i n g a  t ou ch  sc reen  
p l a t f o r m.  T h i s  i s  ba sed  on  the  p r e va l ence  an d  ab i l i t y  o f  ch i ld ren  
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t o  f unc t io na l l y u s e  to uc h -sc reen  de v ice s  a s  dem on st ra t e d  in  t he  
s u r ve y o f  t ouc h -sc ree n  u sa ge  in  t o dd l e r s .  P i lo t  t e s t i n g  o f  t h i s  
n o ve l  c o gn i t i ve  a s se s sme nt  dem on st ra t e d  c onc ur ren t  va l id i ty  
a ga in s t  c o gn i t i ve  sc ore s  o n  th e  Ba yl e y -3 .  Fu t u re  w or k  wi l l  
e ncom pa s s  va l id a t io n  o f  t he se  no ve l  p re d ic t i ve  b iom ar ke r s  a s  
w e l l  a s  t e s t i n g  o f  c on s t ruc t  va l i d i t y  a nd  p red ic t i ve  va l id i t y  o f  
o ur  n o ve l  t ou ch -s c ree n  c o gn i t i ve  a s s e s sm ent .   
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Aims of Thesis  
T hi s  t he s i s  ha s  t h r ee  m a in  a im s :  
1 .  T o a s se ss  t he  a b i l i t y  o f  umb i l i ca l  co r d  b lo od  b io mar ke r s  t o  
p re d ic t  ne ur od e ve l opm enta l  ou tc ome  f o l l ow in g  pe r ina t a l  
a sp h yx ia  
2 .  T o c r i t i c a l l y  e va l ua t e  t he  c ur re n t  me t ho d s  a va i l a b l e  f o r  
o u tc ome  a ss e s sm ent  i n  ea r l y ch i l dh oo d  
3 .  T o d e ve l op  a  n o ve l  t oo l  fo r  c o gn i t i ve  a s se s sme nt  o f  
p re sc ho o l  a ge  ch i l d r en  
H yp o x ic - i scha emic  ence ph a lop a th y ( HIE )  ha s  l on g  been  
i den t i f i e d  a s  a  r i sk  f ac to r  fo r  ab no rma l  ne ur ode ve l opme nt  i n  
c h i ld re n .  Ho we ve r ,  o ur  a b i l i t y  t o  p r o gno s t i ca t e  i n  t he  neo na ta l  
p e r i od  ha s  l a cke d  sen s i t i vi t y  an d  s pec i f i c i t y .  As  our  
u n de r s t a nd i n g o f  t he  pa t ho ph ys i o lo g ica l  m ec ha n i sm s o f  p e r i na t a l  
i n ju r y i nc re as e ,  so  d oe s  o ur  ap pre c i a t i on  o f  t he  sc ope  o f  
d e ve l op ment a l  im pl i ca t io ns  tha t  i t  c an  ha ve .  T h i s  i s  e spec i a l l y  
t rue  fo r  de f i c i t s  i n  c o gn i t i ve  sk i l l s  w hic h  o f t en  do n’ t  b ecome  
e v ide n t  un t i l  l a t e r  ch i l dh oo d  wh en  the y h a ve  a l re ad y be gu n  to  
im pac t  aca demi c  p r o gre s s .  As s e s s i n g  neu ro de ve lo pmenta l  
o u tc ome  i n  ea r l y c h i ld ho od  i s  e x t r eme l y c ha l l en g in g .  
S p ec i f i ca l l y ,  t he re  i s  a  pauc i t y o f  t o o l s  a va i l ab l e  f o r  a s se s s ing  
c o gn i t i ve  ab i l i t y  i n  t he  p re sc hoo l  ye a r s .  Th o se  tha t  a re  a va i l a b l e  
r e l y hea v i l y o n  mot or  an d  ve r ba l  sk i l l s  i n  o rde r  t o  c om ple t e  t he  
t e s t .  D e f i c i t s  i n  t he s e  o t he r  do ma in s  ca n  co -ex i s t  i n  c h i ld ren  
w i t h  HIE .  T h i s  ha s  h i nde red  the  a s se s sme nt  o f  sp ec i f i c  co gn i t i ve  
a b i l i t i e s  i n  t he se  ch i l d re n .   
T he re fo re ,  f o r  n eo na to lo g i s t s ,  t h e re  i s  a  n eed  f o r  be t t e r  t o o l s  t o  
m ore  acc ura t e l y d i scu s s  l o n ge r - t e rm  pr o gno s i s  w i th  p a re n t s  i n  
t he  neo na ta l  p e r i od .  An d ,  f o r  pae d ia t r i c i a n s ,  t he re  i s  a  nee d  fo r  
g r ea t e r  sc r u t i n y o f  t he  cu r r en t  a va i l a b l e  m e th od s  o f  
n eu ro de ve lo pmen ta l  a sse s sme nt  t o  e n su re  we  a re  ap pr op r i a t e l y  
a s se s s in g  the se  h i gh - r i sk  ch i ld re n .  Th e re  i s  a  p re s s i n g  need  f o r  a  
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c o gn i t i ve  a s se s sme nt  t oo l  su i t a b l e  fo r  p re sc ho o l  ch i l d re n  tha t  
w i l l  he l p  i den t i f y t h o se  i n  n eed  o f  i n t e r ve n t i on  an d  ed uca t i on a l  
s u pp or t s .   
T he  t h r ee  a i m s  o f  t h i s  t he s i s  wi l l  be  i n ve s t i ga t e d  a s  f o l l ow s :  
1 .  T o a s se ss  t he  a b i l i t y  o f  umb i l i ca l  co r d  b lo od  b io mar ke r s  t o  
p re d ic t  ne ur od e ve l opm enta l  ou tc ome  f o l l ow in g  pe r ina t a l  
a sp h yx ia  
•  P r omi s i n g  b i omar ke rs  mea s ured  in  um bi l i ca l  c o r d  
b lo od  a t  b i r th  w i l l  be  t e s t ed  fo r  ab i l i t y  t o  p red i c t  
n eu ro de ve lo pmen ta l  o u tc ome  a t  3  yea r s  i n  a  c oh or t  o f  
i n fa n t s  wi t h  pe r ina t a l  a s ph yx i a  a nd  HIE  
•  P re v i ou s l y i den t i f i e d  ma rke r s  f r om a c r os s  fu nc t i on a l  
b io l o g ica l  l e ve l s ;  p r o t eo mic s ,  me t ab o lom ic s  an d  
t r an sc i p t omic s ,  wi l l  be  e xamin ed  
2 .  T o c r i t i c a l l y  e va l ua t e  t he  c ur re n t  me t ho d s  a va i l a b l e  f o r  
o u tc ome  a ss e s sm ent  i n  ea r l y ch i l dh oo d  
•  T he  Ba yl e y Sc a l e s  o f  In fa n t  a nd  To ddl e r  
D e ve lo pme nt  (E d i t i on  3 )  wi l l  be  e xami ned  i n  a  
r e t r o spec t i ve  c oh or t  o f  l o w -r i s k  I r i sh  2 -ye a r  o l d s  a nd  
p e r fo rman ce  c omp are d  t o  U .S  a nd  U . K s t a nda rd i s ed  
n or m s  
3 .  T o d e ve l op  a  n o ve l  t oo l  fo r  c o gn i t i ve  a s se s sme nt  o f  
p re sc ho o l  a ge  ch i l d r en  
•  A t ou ch -sc ree n  fo rma t  wi l l  be  p r op o sed  a s  a  p l a t f o rm 
f o r  c o gn i t i ve  a s se s sme nt  o f  t od d le r s  
•  A s u r ve y o f  t o uch -s c ree n  u sa ge  an d  s k i l l s  r e qu i re d  
f o r  i n t e rac t io n  i n  a  c on te mp ora ry I r i s h  to dd le r  c oh or t  
w i l l  be  p re se n ted   
•  P r o t o t yp e  de ve lo pme nt  a nd  t e s t i n g  w i l l  be  de sc r ibe d  
•  T he  no ve l  a pp l i c a t io n  w i l l  be  p i l o t  t e s t ed  i n  a  c oh or t  
o f  l o w - r i s k  to dd l e r s  an d  pe r f o r manc e  c om pare d  to  
s co re s  on  t he  c o gn i t i ve  s ub sca l e  o f  t he  Ba yl e y -3  
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•  A s c or i n g  s ys t em  fo r  t he  a pp l i ca t i on  wi l l  be  
d es c r i bed  a nd  the  a b i l i t y  o f  t h i s  sco r i n g  s ys t em  to  
p re d ic t  a bn or ma l  c o gn i t i ve  pe r f o rma n ce  wi l l  be  
t e s t e d  
•  T he  a pp l i ca t i on  wi l l  a l s o  b e  t e s t e d  i n  a  s ub gr ou p  o f  




Scope of Thesis  
D e sp i t e  on go i n g  im pr o ve ment s  i n  o bs t e t r i c  a nd  ne on a ta l  ca re ,  
p e r i na t a l  a s ph yx i a  s t i l l  a cco un t s  f o r  a  s i gn i f i c an t  bu rde n  o f  
n eo na ta l  m or b i d i t y  an d  mo r t a l i t y  wo r l dw ide  (1 ,  2 ) .  T he  
i nc id ence  o f  neo na ta l  e nce pha lo pa t h y i s  1 . 6  pe r  10 00  b i r th s  i n  
c ou n t r i e s  w i t h  l ow  n eo na ta l  mo r t a l i t y  r a t e s ,  r i s i n g  to  1 2 . 1  pe r  
1 0 00  b i r t h s  i n  c ou n t r i e s  wi th  h igh e r  mo r t a l i t y  r a t e s  ( 1 ) .  Pr i o r  t o  
t he  ad ve n t  o f  t h e ra peu t i c  h yp o t he rm ia  f o r  t he  t r ea tme nt  o f  
h yp o x ic - i sc haem ic  enc ep ha lo pa t h y,  nea r l y 4 0% of  s u r v i vors  
w o ul d  be  l e f t  wi t h  som e  ne uro de ve lo pme nta l  i mpa i rme nt  ( 1 ) .  
M o der a t e  c oo l in g  i n  i n f an t s  wi th  mo d e ra t e  a nd  se ve re  
e ncep ha l opa t h y ha s  im pr o ved  ra t e s  o f  s u r v i va l  wi th  no rma l  IQ  a t  
6 -7  ye a r s  ( RR= 1. 31 )  bu t  c on ce r n s  rema i n  a bo u t  t he  h i gh  
i nc id ence  o f  c o gn i t i ve  de f i c i t s  de t e c t ed  i n  l a t e r  ch i ld ho od  ( 3 -5 ) .  
P re d ic t in g  an d  mea su r in g  ne ur ode ve l opme nta l  ou tc ome  in  
c h i ld re n  wi th  p e r i na t a l  a s phyx i a  ha s  bee n  f rau gh t  wi th  
d i f f i cu l t i e s .  T he  in t ro du c t io n  o f  t he ra peu t i c  h yp o the rmia  h as  
c rea t e d  a dd i t i o na l  c ha l l e n ges  i n  t he  p re d i c t i on  o f  ch i ld ho od  
o u tc ome  i n  h yp o x ic  i sc haemic  e ncep ha l opa t h y ( HIE )  f r om ea r ly  
ma rke r s ,  s uch  a s  c l i n i ca l  exam ina t io n  and  
e l e c t r oenc ep ha lo gr ap h y (EE G)  (6 ,  7 ) .  N o ve l  i nd ica to r s  o f  i n j u r y  
s e ve r i t y  a va i l ab l e  i n  t he  pe r ina t a l  p e r i od  a re  i nc rea s i n g l y u nde r  
i n ve s t i ga t i on  a nd  ma y h a ve  va l ue  in  t h e  p re d ic t i on  o f  l a t e r  
o u tc ome  in  pe r ina t a l  a s ph yx ia .  T he  f i r s t  a im  of  t h i s  t h e s i s  i s  t o  
a s se s s  t he  ab i l i t y  o f  p rom is in g  u mbi l i ca l  co rd  b lo od  b i oma rke rs  
t o  p red ic t  c h i ld ho od  ne ur ode ve lo pme nta l  ou tcome  ( Cha p te r s  two  
a nd  th ree ) .   
As  w e  c on t in ue  t o  s t ud y t he  e f f i cac y o f  emer g i n g  pe r ina t a l  b lo od  
b as ed  a nd  p h ys i o l o gica l  b i omar ke rs ,  a s  we l l  a s  t he  e f fec t s  o f  
n ew  t rea tme nt s ,  we  nee d  t o  pa y c l o se  a t t en t io n  t o  how  
n eu ro de ve lo pmen ta l  ou tc ome  i s  mea su red .  Va r io u s  mea s ure s  o f  
s h or t  an d  l on ge r  t e r m o u tc ome  a r e  a va i l a b l e  bu t  u nf or t una te l y no  
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p e r fec t  t e s t  ex i s t s  (8 ) .  Al l  cu r r en t  a s se s s me nt  t e ch n iq ue s  ha ve  
i nhe ren t  l imi t a t io ns .  O ne  o f  t he  mo st  c ommo n  s t an da r d i sed  
n eu ro de ve lo pmen ta l  a s se s sme nt s  u sed  in  c l i n i ca l  p rac t i c e  a nd  in  
r e s ea rc h  i s  t he  Ba yle y S ca l e s  o f  In fan t  an d  T od dle r  
D e ve lo pme nt .  In  C hap te r  fo ur  I  wi l l  ex p l o re  s ome  of  t he  sa l i e n t  
p o i n t s  r e ga r d i n g t he  us e  o f  t h i s  a ss e s sm ent  a s  a n  ou tc ome  
mea s ure .  Th i s  wi l l  a dd re s s  a im  t w o  of  t h i s  t he s i s .  In  pa r t i cu l a r  I  
w i l l  l o ok  a t  ho w a  t wo -ye a r  o ld  I r i s h  po pu l a t io n  o f  l o w - r i sk  
c h i ld re n  pe r fo rm u s in g  th i s  meas u re .   
T he re  i s  i nc re as in g  foc u s  o n  t he  n eed  f o r  u se f u l  ea r l y m ea s ure s  
o f  de ve lo pme nta l  f unc t i on .  Fa c to r s  s uch  a s  g r ow in g  d i f f i cu l t y  i n  
o b ta i n i n g re sea rch  f un d in g  wh ic h  a l l o w s  l on g  t e rm fo l lo w -up  to  
o ccu r  wi th in  t he  f un d in g  t e rm ,  a s  we l l  a s  t he  de s i re  f o r  e a r l y  
i den t i f i c a t io n  o f  de ve lo pme nta l  p r ob l em s t o  a l l o w i n t e r ve n t ion  
p r i o r  t o  sch oo l  a t t e nda nce ,  have  l ed  re sea rche r s  t o  sea rc h  fo r  
im pr o ve d  m e th od s  o f  a s se ss me nt .  M ot or  an d  l a n gua ge  
d i f f i cu l t i e s  a re  i de n t i f i ab l e  i n  t he  in fan t  an d  ea r l y c h i ld ho od  
p e r i od  r e s pec t i ve l y,  d ue  to  t he  h i gh  deman d s  on  t he se  ab i l i t i e s  
i n  t he se  yea r s .  Mean w hi l e  t he  co gn i t i ve  i mpac t s  o f  an  in ju r y o r  
i n t e r ve n t io n  a re  o f t e n  n o t  de t ec t e d  un t i l  m id d le  o r  l a t e  c h i ld ho od  
w he n  the  de man d s  o f  s ch oo l i n g  r e vea l  d i f f i cu l t i e s .   
T he  mo re  s ub t l e  ne ur oco gn i t i ve  im pac t s  o f  pe r ina t a l  h y p o x ia -
i sc haemia  a r e  i nc re as in g l y be ing  r eco gn i se d  (4 ,  9 ,  1 0) .  Rece n t ly,  
w e  ha ve  seen  s i gn i f i can t  p ro gre s s  i n  t he  u nd e r s t a nd i n g  o f  n orma l  
c o gn i t i ve  de ve l opme nt  i n  c h i ld re n .  T he  p roce s s  b y w h ic h  a  
p e r i na t a l  i n ju r y a f f ec t s  t h i s  de ve lo pme nt  r ema i ns  t o  be  
e l uc i da t e d .  Ho w e ve r ,  t h i s  r e sea rc h  h as  bee n  so me wha t  l imi t ed  by  
t he  l a ck  o f  ea r l y t e s t s  f o r  s ome  of  t h e  ke y c o gn i t i ve  ab i l i t i e s  
s uc h  a s  wo rk i n g  mem or y,  a t t e n t i on  an d  p r oce s s in g  s peed .  T he se  
a b i l i t i e s  c on t r i bu t e  t o  t he  ch i ld ’ s  ab i l i t y  t o  de a l  w i th  a  new  
l e a rn in g  c ha l l en ge .  An  ea r l y a s s e s smen t  o f  c o gn i t i ve  ab i l i t i e s  
w o ul d  t he re f o re  op t i mi se  fo l lo w -u p  in  c l i n i ca l  p r ac t i ce  a nd  
r e s ea rc h  a s  w e l l  a s  co n t r ib u te  t o  g rea t e r  u nde rs t an d in g  o f  t he  
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im pac t  o f  h yp o x ic - i s chaem ic  i n ju r y o n  c h i l dh oo d  c o gn i t i ve  
d e ve l op ment .  In  C ha p te r s  f i ve  a nd  s i x  I  wi l l  o u t l i ne  t he  
d e ve l op ment  o f  a  n o ve l  t o o l  fo r  t h i s  p ur po se  com ple t i n g  the  




1.0  Introduction 
 
P ubl i ca t i on s  a r i s i ng  f ro m  th i s  ch a p te r :  
“ S ho r t  a nd  Lo ng  Te rm  P ro gn o s i s  i n  pe r i na t a l  a sp hyx i a :  An  
u p da te ”  
A hea r ne  C ,  Bo y la n  G ,  Mu r ray  D.  
Wo r l d  J ou rn a l  o f  C l in i c a l  Ped ia t r i c s  2 01 6  Fe b ru a ry  8 ;  5  (1 ) :  
6 7- 74  
 
P er ina t a l  b ra i n  i n j u r y c a us ed  b y h yp o x ic - i sc haem ic  in j u r y  
r ema i ns  a  ma jo r  c au se  o f  ne ona ta l  dea t h  an d  d i sa b i l i t y  g l o ba l l y.  
As p h yx i a  acc ou n t s  f o r  23 %  o f  n eo na ta l  dea t hs  w or l d wide  a nd  
r ep re sen t s  a  ma jo r  a rea  o f  f ocu s  i n  t h e  M i l l e nn i um De ve lo pme nt  
Go a l s  f i gh t  t o  r ed uce  ne ona ta l  mo r t a l i t y  ( 2 ) .  The  a d ve n t  o f  
t he ra pe u t i c  h yp o th e rmia  a s  a  t he rap y f o r  i n fan t s  wi t h  mo de ra t e  
a nd  se ve r e  en cep ha l opa t h y ha s  h ad  a  ma j or  impa c t  o n  c h i l dh ood  
o u tc ome s  fo l lo wi n g HIE  (3 ,  11 ,  1 2) .  Whi l e  t he  be ne f i t s  o f  t h i s  
i n t e r ve n t io n  ha ve  p r imar i l y  b ee n  fe l t  i n  t he  de ve l ope d  w or ld ,  
a t t empt s  ha ve  b een  made  to  i n t ro duce  co o l i n g sa fe l y in to  l ow  
r e s ou rce  se t t i n gs  (1 3 -16 ) .  D e sp i t e  t he se  s i gn i f i can t  
a d va nceme nt s ,  man y q ue s t i on s  rema i n  ab ou t  t he  
p a th op h ys i o lo gy,  o p t i ma l  ma nage men t  an d  e f fec t s  o f  i n j u r y in  
p e r i na t a l  a s ph yx i a .  On e  o f  t he  ke y i s s ue s  o f  imp or t ance  to  
p a re n t s ,  c l i n i c i an s  an d  r e sea rche rs  i s  t he  l on g  t e r m pr o gno s i s  o f  
c h i ld re n  fo l l o win g  a  h yp o x ic - i sch aemic  in ju r y.   
In  t h i s  sec t io n  I  wi l l  g i ve  an  ove r v i e w of  t he  imp or t a n t  i s s ues  
w h ich  mu st  be  a dd re s sed  to  dea l  wi th  t h i s  que s t io n  and  
s u mmar i se  t he  l i t e ra tu re  t o  da t e  f oc us s i n g  on  ou tcome  pr ed ic t ion  




1 .1  Perinata l  asphyx ia and the pa thophys io logy o f  in jury  
P er ina t a l  a sp h yx ia  de sc r ibe s  t he  in t e r r up t io n  o f  b lo od  f l o w or  
ga s  e xc han ge  to  a nd  f r om  the  fe t u s  i n  t he  pe r ina t a l  pe r i od  ( 17) .  
T h i s  ma y b e  d ue  t o  p r o lo n ged  pa r t i a l  a sp h yx ia ,  su dde n  s ub - to t a l  
a sp h yx ia ,  sec on da r y  to  a  sen t ine l  e ven t ,  o r  a  com bi na t i on  o f  bo th  
( 18 ) .  Hyp o x ic - i schae mic  in j u r y t o  t he  b ra in  an d  v i t a l  o r ga n s  ma y  
r e s u l t  i f  t he  pe r i na t a l  a sp h yx ia  i s  o f  a  su f f i c i en t  de gree ,  o r  
p ro lo n ge d ,  be yo n d  the  ab i l i t y  o f  t he  fe t u s  t o  co mpe n sa t e  (1 9-
2 1) .   
Ap p r ox i ma te l y 2 0  pe r  10 00  de l i ve r i e s  w i l l  r eq u i re  s i gn i f i c an t  
r e s u sc i t a t i o n ,  w i th  b i oc hemica l  an d  c l in i ca l  e v i dence  o f  
p e r i na t a l  a s ph yx i a  ( 22 ) .  In  co un t r i e s  wi t h  l o w neo na ta l  mo r t a l i t y  
r a t e s ,  1 . 6  pe r  1 00 0  o f  t he se  in fa n t s  wi l l  go  on  t o  de ve l op  s i gns  
o f  e vo l v in g  enc ep ha lo pa t h y c on s i s t en t  wi t h  h yp o x i c - i sc haemic  
e ncep ha l opa t h y  ( HIE )  t ho u gh  th e re  i s  s t i l l  a  s ub s t a n t i a l  b ur den  
o f  dea t h  an d  d i sab i l i t y  a s  a  r e s u l t  ( 1 ) .  (F i gu re  1 .1 . )  
 
Fi gu re  1 .1 .  Su m ma ry  o f  dea t h s  an d  d i s ab i l i t y  ou tco me s  th a t  a re  
i n t ra pa r t u m re l a t ed  b a sed  o n  125  mi l l i o n  b i r th s  w or ld wide  i n  
2 0 10 .   
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R ep ro duce d  f r om  Le e  A e t  a l . ,  20 1 3  ( 1 ) .  
Ap p r ox i ma te l y 8 0 % of  b ra in  i n ju r y f o l l ow in g  n eo na ta l  
e ncep ha l opa t h y a nd  e v ide nce  o f  pe r i na t a l  a s ph yx ia  i s  d i rec t l y  
a t t r i bu ta b le  t o  a n  a cu te  p he nome no n  (2 3) .  The  mo st  c ommon  
mec ha n i sm o f  i n ju r y i s  a s ph yx i a  due  to  c i rc u l a t o r y co mp romi se  
( 18 ) .  So me  i n t e r r up t i on  o f  p l ace n ta l  o r  umbi l i ca l  i n t e gr i t y  e . g .  
a b r up t i on ,  co rd  ac c ide n t ,  o r  c lo t t i n g  o f  p l a cen ta l  a r t e r i e s  l ead s  
t o  d imi n i she d  exc han ge  o f  ox yge n  an d  ca r bo n  d io x i de  a nd  
d i s r up t i on  o f  g l uco se  s up p l y.  T h i s  i n i t i a l  i n su l t  t r i gge r s  a  
ca sca de  o f  ce l l u l a r  e ve n t s  s t a r t i n g  w i th  the  ra p id  de p le t i on  o f  
AT P  a nd  l e ad i n g to  e i t he r  ce l l  d ea th ,  b y nec r o s i s  o r  a po p to s i s ,  
o r  t o  su r vi va l .  The  co mple x  in t e r p l a y o f  ene r gy f a i l u r e ,  
e xc i t o to x ic i t y ,  o x id a t i ve  s t r e s s  a nd  in f l am mat i on  ha s  no t  been  
f u l l y  e l uc i da t e d  b u t  be l ow  I  wi l l  g i ve  an  o ve r v i e w o f  t h e  
ge ne ra l l y  ac cep t ed  mech an i sm s  a s  we  u nd e r s t a nd  th em .   
T he  immat ure  b ra in  ca n  wi ths t a nd  l on ge r  pe r i od s  o f  ene r gy  
d ep r i va t io n  tha n  t he  ad u l t  b ra in .  D es p i t e  t h i s ,  i t  i s  vu l ne rab le ,  
o nce  t ha t  c r i t i c a l  t h re sh o ld  i s  r eache d ,  due  to  i t s  de ve lo p ing  
s t a t e .  Th e  e xc i t a to r y s t a t e  r eq u i red  fo r  de ve lo pme nt  o f  s yn a p t i c  
c on nec t i on s  an d  b ra i n  p l a s t i c i t y  c a us e s  i t  t o  be  mo re  a t  r i sk  o f  
e xc i t o to x ic  dam a ge  ( 18 ) .   
I t  i s  kn ow n t ha t  w hi l e  s ome  n eu ro na l  ce l l  dam a ge  o ccu r s  d ur i ng  
t he  i n i t i a l  i n su l t  o r  “ p r im ar y”  p ha se  o f  i n j u r y,  t h i s  i s  f o l l o wed  
b y a  pe r i od  o f  a t  l e a s t  pa r t i a l  r eco ve r y.  A “ l a t en t ”  p ha se  t hen  
o ccu r s  du r in g  w hic h  f unc t i on a l  ac t i v i t y  i n  t he  b r a in  r ema i ns  
s u pp re s sed  b u t  e ne r gy s u p p l y h as  bee n  s ome wha t  r e s t o re d .  A 
m ore  se ve re  i n j u r y w i l l  l a t e r  t r i gge r  a  seco nda r y p ha se  o f  





Fi gu re  1 .2 .  Di ag r am  i l l u s t ra t in g  p a th o lo g ic a l  ph a se s  o f  c e r eb ra l  
i n ju ry  a f t e r  seve re  hy po x ia - i scha em ia .   
O FR s ,  o x yge n  f ree  ra d i ca l s ;  BBB,  b l oo d  b ra i n  ba r r i e r ;  E AAs ,  
e xc i t a t o r y a min o  ac id s ;  N O ,  n i t r i c  ox i de .  Re pr od uce d  f r om 
Wa s s i nk  e t  a l .  2 01 4  (2 5)  
 
D ama ge  the re f o r e  e vo l ve s  o ve r  h ou rs  t o  da ys  a f t e r  t he  i n i t i a l  
i n su l t .  T he  mech an i sm s o f  i n ju r y w i l l  be  f u r t he r  de sc r i bed  in  
s u b seq uen t  s ec t io n s .  I t  i s  t h i s  “ l a t en t ”  pha se  p r i o r  t o  seco nd a r y  
i n ju r y th a t  c rea t e s  a  wi nd o w fo r  i n t e r ve n t i on  in  t he  t i me  a f t e r  
t he  i n f an t ’ s  b i r t h .  T hi s  wi ndo w  p ro v i de s  t he  ra t i ona le  fo r  
p o s t na t a l  t r e a tme nt s  su ch  a s  t he r ape u t i c  h yp o th e rmia .   
T he  a l t e ra t i on s  t o  t he  c e l l u l a r  me t ab o l i c  p roc es se s  i n i t i a t ed  b y  
h yp o x ic - i sc hemi c  i n ju r y can  o ccu r  wi t h  o r  wi t ho u t  o ve ra l l  
d i s r up t i on  o f  b ra in  fu nc t i on .  Th o se  o f  a  se ve r i t y  t o  ca us e  
d ys f u nc t io n ,  w hic h  w i l l  t hen  ma ni fe s t  a s  c l i n i ca l  a l t e ra t io n s  t o  
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t he  ne ona te s ’  neu ro l o gi ca l  exami n a t i on ,  be come  t he  c l i n i ca l  
d i a gno s i s  o f  h yp o x ic - i sch aemic  e nce pha l op a th y ( HIE ) .  (F ig u re  
1 . 3 . )   
HIE  mu st  be  d i f fe ren t i a t e d  f r om o t he r  cau se s  o f  ne ona ta l  
e ncep ha l opa t h y,  s uc h  a s  sep s i s ,  men in g i t i s  o r  me ta bo l i c  
e ncep ha l opa t h y ( 17 ,  26 ,  27 ) .   
 
Fi gu re  1 .3 .  T i me l ine  o f  i n ju ry  in  hy pox i c - i sc hae mic  
e ncep ha lo pa t hy   
O ri g i na l  d i a gra m .  
 
1 . 1 . 1  Bi oc hemic a l  a nd  Ph ys i o l o g ica l  mec ha n i sm s  
Al t e red  b i oc hemica l  an d  ph ys i o lo g ica l  p roce s se s  fo l lo wi ng  
h yp o x ic - i sc haem ic  in j u r y u n de r p i n  the  s t ruc t u ra l  a nd  c l in i ca l  
ma ni f e s t a t i on s  o f  HIE .  O x yge n  dep r i va t io n  t o  t he  b ra i n  i n  t he  
p e r i na t a l  pe r i od  can  occ ur  vi a  tw o  mec han i sm s ,  h yp o xemia  ( wi th  
r ed uced  ox yge n  c on ten t  i n  t he  b lo od  c i rc u l a t i n g  to  t he  b ra in ) ,  
a nd /o r  i scha emia  ( wi t h  d ec reas ed  q ua n t i t y  o f  t he  c i rc u l a t ing  
b lo od  re qu i re d  to  de l i ve r y o x yg e n)  ( 22 ) .  I t  i s  t h i s  l o s s  o f  ox yge n  
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s u pp l y a l on g  w i th  the  a s so c i a t ed  d imi n i sh ed  g luc o se  su pp l y t ha t  
t r i gge r s  t he  c on seq ue n t  ne ur o lo g ica l  i n j u r y ( 1 7 ) .  T he  h yp o xic -
i sc hemic  in s u l t  c a u se s  a  de gree  o f  imme dia t e  ne ur ona l  l o s s ,  and  
a  de l a ye d  sec on da r y im pa i rme nt  o f  e ne r gy m e ta bo l i sm and  
r epe r f u s io n  i n ju r y  (2 4 ,  2 5) .  The  e a r l i e s t  ch an ge s  a re  a  dec re ase  
i n  b ra i n  g l yc o ge n ,  an  e l e va t ion  in  l ac t a t e  an d  a  dec rea se  in  
p h os ph oc r ea t i ne  ( P Cr ) ,  t he  p r inc i p l e  s t o ra ge  fo rm of  h i gh -ene r gy  
p h os pha te  i n  t he  b r a in  ( 28 ,  2 9) .  T h i s  occ ur s  a s  a  r e su l t  o f  t he  
s w i t c h  t o  a n  a n ae ro b ic  s t a t e  i n  a n  a t t empt  t o  gene ra t e  AT P .  T h i s  
a ppea r s  t o  p r o t ec t  g re y m a t t e r  i n i t i a l l y ,  bu t  t he  p r oce s s  t hen  
b ecom es  de l e t e r i ou s  (1 7) .  Anae r ob ic  gl yc o l ys i s  i s  a n  in e f f i c i e n t  
mec ha n i sm  o f  ATP  pr od uc t i on  a nd  g luc o se  dem an ds  qu i ck l y  
e xcee d  s up p l i e s .  B lo od  g luc os e  bec ome s  d i s t i nc t l y  l e ss  
i nd ic a t i ve  o f  b ra in  g luc o se  in  t h i s  s t a t e  ( 30 ) .  I s chae mic  e f fec t s ,  
t h r ou gh  c i r cu l a to r y d i s ru p t io n ,  a u gme nt  l ac t a t e  ac cum ula t i on  a nd  
t i s s ue  ac id o s i s  o ve r  a nd  a bo ve  t ha t  o f  i s o l a t ed  h yp o x ia  d ue  to  
r ed uc t i on s  i n  l a c t a t e  c l ea r ance  an d  b uf fe r in g  ( 31 ) .  ATP-
d epe nde n t  pum p  fa i lu re ,  pa r t i cu l a r l y o f  t h e  s od ium /po ta ss ium 
( Na + /K + )  pum p whic h  fu nc t i on s  t o  ma i n t a i n  ce l l u l a r  h ome os ta s i s ,  
l e a d s  t o  i n t race l lu l a r  acc umul a t i on  o f  Na + ,  t he  os mot i c  pa ss a ge  
o f  wa t e r  a nd  su bs eq uen t  c yt o t ox ic  oede ma  a nd  po ten t i a l l y  ce l l  
d ea th  ( 32 ) .  (F ig u re  1 . 4 . )   
Fo l l o wi n g t e rmi na t i on  o f  t he  p r ima r y in su l t ,  r e s to ra t i on  o f  b l ood  
f lo w,  a nd  he nce  ox yge n ,  t o  d ama ged  t i s sue s  occ ur s .  Du r i n g  th i s  
r epe r f u s io n  p e r i od  p H n or ma l i se s  a nd  ae r ob i c  me ta bo l i s m i s  r e -
e s t a b l i sh ed  (3 3) .  Th e re  i s  kn o wn  to  be  a  pe r io d  o f  r ec o ve r y w i th  
h i gh -e ne r gy p h o s pha te  l e ve l s  r e t u r n in g  t o  ba se l i ne  wi t h in  ab ou t  
t w o  t o  t h ree  h ou rs  ( 29 ,  34 ) .  Th i s  i s  fo l lo we d  b y a  seco nda ry  
p ha se  o f  e ne r gy f a i l u re .  T he re  i s  e vi de nce  ho we ve r  t ha t  l o s s  o f  
n eu ro na l  p r o t e i ns  p reced es  s eco n da r y en e r gy f a i l u re  i n  a  r a t  
m ode l  o f  h yp o x i c - i sc haemic  in ju r y ( 35 ) .  T h i s  ha s  be en  t ake n  to  
s u gge s t  t ha t  sec on da r y e ne r gy d e p le t i on  i s  a  c on se que nce  ra the r  
t han  a  cau se  o f  ce l l  dama ge  (1 7) .  
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M uc h  o f  w ha t  w e  kn o w a bo u t  t he  pa th op h ys i o l o gy o f  HIE  i s  
d e r i ved  f r om an im a l  s tu d ie s  o f  h yp o x i c - i sc haemic  m ode l s ,  such  
a s  t he  un i l a t e r a l  c a r o t id  l i ga t i on  i n  t he  se ven  da y o l d  ra t  p up  o f  
t he  Van nu cc i  m ode l ,  r a t he r  t h an  m od e l s  o f  a sp h yx ia  w he re  
r e s p i ra to r y o r  p l ace n ta l  ga s  exc han ge  i s  d i s ru p te d  ( 36 ) .  Where  
a pp l i ed ,  t he se  a s ph yx i a  mo de l s  h a ve  s ho wn  t he  a dd i t i o na l  e f fec t s  
o f  h yp e rc ap n ia  on  b r a in  in j u r y.  S ome  of  t he se  e f fec t s  i nc l ude  a  
b ene f i c i a l  i n f lu ence  on  ce re bra l  b l oo d  f l o w ma i n te nance  and  
o x yge n  d i s s oc i a t i on  p ro f i l e s ,  b u t  a l so  a  po ten t i a l l y  da ma gi ng  
e f fec t  o f  w or se n in g  i n t r ace l l u l a r  a c id o s i s  a nd  he nce  t i s s ue  i n j u r y  
( 31 ,  37 ,  38 ) .   
E ne r gy f a i l u re  i s  n o t  t he  o n l y mec ha n i sm  o f  ne ur ona l  i n ju r y in  
HIE .  In  t he  imm edia t e  a f t e r ma t h  o f  t he  in i t i a l  i n s u l t  va r iou s  
mec ha n i sm s c on t r i bu te  t o  t he  pa t h wa y to  ce l l  dea th .  The se  
i nc lu de  ene r gy d ep l e t io n ,  acc um ula t i on  o f  e x t rac e l lu l a r  
e xc i t a t o r y ami no  ac id s  (p a r t i c u l a r l y g lu t ama te ) ,  i nc rea se  in  
c yt o s o l i c  ca l c i um  ( Ca 2 + ) ,  an d  gen e ra t io n  o f  f r ee  rad i ca l s  (1 7) .   
N eu ro na l  c e l l  dea t h  ca n  fo l lo w  a  h yp o x ic - i s chaem ic  i n su l t  
t h r ou gh  a  ne c r o t i c  o r  ap op to t i c  pa th wa y.  N ec r o t i c  dea th  
t yp ic a l l y  occ ur s  a f t e r  i n t en se ,  o f t e n  re l a t i ve l y b r i e f ,  i n su l t s ,  
w he rea s  a po p to t i c  dea t h  t yp ica l l y  occu r s  a f t e r  l e ss  i n t ens e  
l on ge r -ac t i n g  i ns u l t s  ( 39 -4 1) .  T he  mecha n i sm s  go ve rn i n g  t hes e  
p ro ce ss e s  a re  i n t r i ca t e  a nd  no t  f u l l y  u n de r s t oo d .  Fa c t o r s  o the r  
t han  t he  in s u l t  ch a rac t e r i s t i c s ,  s uc h  a s  de ve lo pme nta l  s t a t e  o f  
t he  c e l l ,  ma y a f fec t  t he  c e l l ’ s  f a t e .  Ap o pto t i c  a nd  ne c ro t i c  s t a t e s  
a ppea r  t o  be  p a r t  o f  a  c on t in uu m o f  ce l l  dea th  en dp o in t s  wi th  
h yb r i d  ce l l s  be t ween  t he se  e x t reme s  a l so  e v ide n t .  ( 17 ,  42 )  
In c rea sed  e x t race l l u l a r  g l u t ama te  re su l t s  f r om  e xce s s i ve  p re -
s yn a p t i c  g l u t ama t e  re l ea se  an d  fa i l u r e  o f  gl u t ama te  re -up t ake  
mec ha n i sm s  ( 18 ) .  T he se  mec ha n i sm s  a re  re l i a n t  on  t he  ATP -
d epe nde n t  r e -up t ake  w hich  has  f a i l e d  f o l lo wi n g  the  h yp o x ic -
i sc haemic  i n su l t  an d  h yp o xia - in d uced  me mb rane  dep o la r i sa t i on  
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(F ig u re  1 . 4 . ) ( 17 ) .  T he  exc i to to x ic  e f fec t  o f  t h i s  acc um ula t ed  
g l u t a ma te  i s  t o  c on t r i bu t e  t o  ac u te  ce l l  s we l l i n g b y ac t i va t i ng  
r ecep to r  medi a t ed  Na + /K +  cha nne l s  a nd  t o  a ggr a va t e  i n t race l lu l a r  
C a 2 +  a cc umul a t io n .  An  ea r l y  o ve r -ex pre s s i on  o f  g lu t a ma te  
r ecep to rs  i n  t he  huma n  h i pp ocam pu s ,  ce re bra l  co r t e x ,  ba sa l  
ga n g l i a  an d  tha l ami  acco un t s  fo r  t he i r  pa r t i cu l a r  vu lne ra b i l i t y  i n  
h yp o x ic - i sc haem ic  i n j u r y ( 43 ) .   
 
 
Fi gu re  1 .4 .  R e la t io n  be tw een  ene rg y  dep l e t io n  an d  ce l l  de a th  
Ad a pte d  f r om V olp e  5 t h  e d i t i on ,  2 00 8  ( 17 ) .  
 
In c rea sed  i n t ra ce l lu l a r  C a 2 +  c an  be  a t t r i b u te d  to  fa i l u re  o f  C a 2 + -
p um pin g  m echa n i sm s a nd  ac t i va t i on  o f  N M D A an d  AM P A t yp es  
o f  gl u t ama te  rece p t o r s  ( 18 ,  3 2 ,  44 ) .  In t race l l u l a r  c a l c i um 
t r i gge r s  m ul t i p l e  e n zym a t i c  p ro ce ss e s  re sp on s i b l e  f o r  t he  
d es t r uc t i on  o f  t h e  ce l lu l a r  me mb ra ne ,  c yt o s ke le t on  a nd  nuc l eu s .  
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I t  a l s o  cau se s  f u r t he r  n eu ro t rans mi t t e r  r e l ea se  th r ou gh  recep to r  
ac t i va t io n ,  c on t r ib u te s  t o  t he  ge ne ra t i on  o f  f r ee  rad i ca l s  and  
a ggr a va te s  AT P de f i c i e nc y.   
M o re  se ve re  b r a in  in j u r y h as  bee n  a s soc i a t ed  w i th  h i ghe r  l e ve l s  
o f  f r ee  rad i ca l  p r od uc t i on  ( 45 ) .  T he  m i toc ho nd r i a l  e l ec t r on  
t r an s fe r  cha in  i s  o ne  o f  t he  ma i n  s ou rce s  o f  f r ee  rad i ca l s  i n  
h yp o x ia - i sc haem ia  ( 46 ) .  Ox yge n  dep r i va t io n  p re ven t s  t he  
c ompl e t e  pa s sa ge  o f  e l ec t ro ns  to  c yt oc hr ome  c  ox i da se  an d  l e ad s  
t o  t he  acc umu la t i on  o f  t he  sup e r ox i de  an i on  (4 7) .  Inc rea sed  
i n t ra -c yt o s o l i c  ca l c ium  l ead s  t o  f ree  r ad i c a l s  t h ro u gh  f o u r  
mec ha n i sm s;  t he  ac t i on  o f  c yc lo o x yge na se  an d  l i p ox yge n a se  on  
a rach id on ic  ac i d  due  to  t he  ac t iva t io n  o f  p ho s ph o l i pa se  A2 ,  t he  
ac t io n  o f  xa n th i ne  o x i da se  o n  h yp o x an t h in e  an d  xa n th i ne ,  t h e  
a u to -o x id a t io n  o f  c a t ech o lam ine s  a nd  the  ac t i on  o f  n i t r i c  ox i de  
s yn t h a se  l ea d in g  t o  pe ro x i n i t r i t e  fo rma t i on  (3 2) .  T he re  i s  a l so  
e v ide nce  t ha t  ea r l y r eac t i ve  mic ro g l i a  a t  i n ju r y s i t e s  a re  p o ten t  
s o urc es  o f  f r ee  rad i ca l s  ( 17 ,  48 ) .  Fr e e  r ad i ca l s  a re  r e s po n s ib l e  
f o r  pe ro x ida t io n  o f  p o l yu n sa tu ra t e d  f a t t y  ac id s  o f  m emb ran e 
p h os ph o l i p id s ,  dama ge  t o  D N A a nd  p r o t e i n s  c on ta in in g  
u n sa t u ra t ed  o r  s u l fh yd r yl  g r o u ps  an d  ac t i va t i on  o f  p ro -ap op t o t i c  
ge ne s  (2 5 ) .  T he  immat ure  b ra i n  i s  pa r t i c u l a r l y a t  r i sk  f r om 
o x i da t i ve  s t r e s s  due  to  d e f i c i e n t  a n t i ox i da n t  m echa n i sm s a nd  
p ro -o x i dan t  ch a rac t e r i s t i c s  s uch  a s  h i gh  l e ve l s  o f  
p o l yu n s a tu ra t e d  fa t t y  a c i ds  i n  neu ro na l  mem bra ne s  an d  a  
r e l a t i ve l y h i gh  c onc en t ra t i on  o f  n o n -p ro t e in -b ou nd  i ro n  (4 9 -51 ) .   
In f l am mat or y m ec han i sm s  a l s o  a ppea r  t o  p l a y a  ro l e  i n  t he  f i na l  
c ommo n  b i och emica l  pa th wa y t o  neu ro na l  de a th  ( 52 ) .  T he r e  i s  
ac t i va t io n  o f  mi c r o gl i a  i n  t he  f i r s t  h ou r s  a f t e r  a  h yp o x ic -
i sc haemic  in s u l t  wi th  re su l t an t  i n c rea se  in  ne ur o to x ic  s ub s t ances  
s uc h  a s  ex c i t a t o r y am in o  ac i d s ,  f r ee  ra d i ca l s  an d  c yt o k i ne s  ( 48 ) .  
M ic ro g l i a l  a c t i va t io n  i s  fo l l o wed  b y n eu t ro ph i l  a ccum ula t io n  in  
b ra i n  b l oo d  ve ss e l s  (5 3) .  Neu t r op h i l s  ma y ca use  i n ju r y b y  
a dhe r in g  to  en do t he l i um an d  o b s t ruc t i n g  b lo od  f l o w ,  o r  b y  
49 
 
r e l ea s i n g reac t i ve  ox yge n  spec i e s  me dia t i n g  va sc u la r  i n j u r y,  bu t  
t h i s  p roce s s  ha s  ye t  t o  be  f u l ly  e l uc i da t e d  ( 17 ) .  In f l ammat or y  
mec ha n i sm s  p ro vo ked  b y p r i o r  ex p os ure  to  m olec u la r  p r od uc t s  o f  
i n fec t io n  (e . g .  l i p op o l ys a cch a r id e ) ,  se em  to  po te n t i a t e  t he  e f f ec t  
o f  h yp o x ic - i schae mic  i n su l t s  l e ad in g  t o  mo re  se ve r e  b ra i n  in ju ry  
( 17 ,  54 -5 7) .   
S o me  of  t h e  b ioc hemic a l  e f f ec t s  o f  h yp o x ia  a nd  i sc haemia  i . e .  
i on i c  pum p fa i l u r e ,  ne ur o t r an smi t t e r  r ed i s t r i b u t i on  a nd  
mem br ane  a l t e ra t i on s  ca n  p re d i sp o se  t he  b ra in  t o  se i zu re  
ac t i vi t y .  S e i zu re s  ma y i n  t u rn  c on t r ib u te  t o  de l a ye d  ne ur ona l  
l o ss  ( 43 ,  58 ,  59 ) .   
As p h yx i a l  i n ju r y a l so  ha s  a  ph ys i o lo g ica l  im pac t  o n  s ys t emic  
a nd  p a r t i cu l a r l y c e re bra l  b l oo d  f lo w  ( 60 ,  6 1) .  T he  i n i t i a l  
c i r cu l a to r y r e sp on se  t o  pe r in a t a l  a s ph yx ia  i s  t he  r ed i s t r i b u t i on  
o f  ca rd i ac  o u tp u t  t o  su pp or t  ce re bra l  pe r f us io n  wi th  an  i nc r ea se  
i n  ce r eb ra l  b lo od  f lo w a nd  lo s s  o f  ce reb ra l  va scu la r  
a u to re gu la t io n  (6 2) .  M ore  p ro lon ge d  a s ph yx i a  i s  a s soc i a t e d  wi th  
r ed uced  c a r d i ac  o u t pu t  l e ad i ng  t o  h yp o te n s io n  an d  re du ced  
ce reb ra l  b l oo d  f lo w  ( 17 ,  63 ) .   
In  r e cen t  ye a r s ,  a  t h i rd  pha se  o f  i n j u r y,  p e r s i s t e n t  f o l l ow in g  the  
s u b s id ence  o f  t he  sec on da r y m ec han i sm s  o f  ce l l  dea th ,  ha s  be en  
p ro po se d .  Th i s  ‘ t e r t i a r y b ra in  in j u r y’  i s  cha rac t e r i se d  b y  
p e r s i s t e n t  ac t i ve  p r oce s se s  t ha t  p re ven t  r e gene ra t i on  o f  ce r eb ra l  
t i s s ue  o r  ma y ex ace r ba t e  b ra in  d ama ge  an d  c on t i nue  f o r  m ont hs  
o r  ye a r s  a f t e r  t he  t r i gge r i n g  in ju r y  ( 64 ,  65 ) .  The se  mec han i s ms 
ma y i nc l ude  s en s i t i sa t io n  t o  i n f l ammat io n  o r  i n j u r y,  i nc rea sed  
s e i zure  su sc ep t i b i l i t y ,  i mpa i re d  o l i gode nd roc yt e  ma t ura t io n  a nd  
m ye l i na t i on  a nd  pe r s i s t en t  i n f l amm at io n  a nd  g l io s i s  (6 6) .  Lo n g  
a f t e r  p e r i na t a l  i n ju r y,  neu ro pa th o l o gic a l  e v i dence  ca n  rema i n  in  
t he  fo rm of  m ye l in  de f i c i t s ,  r ed uce d  p l a s t i c i t y  an d  a l t e re d  ce l l  
n um ber .  By t a r ge t i n g  t he  lo n gs t an d in g  in f l amm at io n  and  
e p i ge ne t i c  m odi f i ca t io ns  a t  t he  hea r t  o f  t h i s  t e r t i a r y b ra in  
50 
 
i n ju r y,  ne w neu ro -p ro t ec t i ve  th e ra p ie s  ma y be  de ve lo ped  wi th  
e f f i c ac y a nd  i n f l uen ce  be yo n d  t he  cu r re n t  6 -h ou r  win do w  ( 64 ,  
6 6) .   
 
1 . 1 . 2  N eu ro pa t ho l o g ica l  Fe a tu re s  o f  HIE   
T he  p re do mina n t  ne ur opa th o lo g ica l  i n j u r y o b se r ve d  i n  t he  
s e t t i n g  o f  h yp o x ia - i sc haemia  i s  t ha t  o f  ‘ se l e c t i ve  neu ro na l  
n ec r o s i s ’  (6 7) .  T he  t e rm re f e r s  t o  nec ro s i s  o f  ne ur on s  in  a  
c ha ra c t e r i s t i c ,  t h ou gh  o f t en  w i des pr ead ,  d i s t r i bu t io n .  T hr ee  
ma j or  pa t t e rn s  o f  n eu ro na l  i n ju r y a r e  de sc r ibe d  in  t e rm  i n fa n t s  
s u b jec t ed  to  h yp o x ic - i sc haemic  in j u r y  ( 1 7 ,  4 3) .  T he  pa t t e rn  i s  
d ic t a t e d  b y t h e  se ve r i t y  a nd  du ra t i on  o f  t he  i ns u l t .  ‘ Di f f u se ’  
n eu ro na l  i n j u r y o ccu r s  fo l lo wi ng  ve r y s e ve re  an d  ve r y p ro l on ged  
i n ju r y.  A ‘ ce re bra l  co r t i ca l -d eep  nu c lea r ’  pa t t e rn  i s  seen  
f o l l o win g  mo de ra t e  t o  s e ve re  i ns u l t s  o f  r e l a t i ve l y l o n g  d ura t ion  
a nd  a  ‘ deep  nuc le a r -b ra in - s t em’  pa t t e rn  i s  o bs e r ved  i n  se ve re ,  
r e l a t i ve l y a b ru p t  i n s u l t s .  T hr ough o ut  t he  b r a i n ,  n eu ro ns  i n  t he  
C A1  r e gi on  o f  t he  h i pp ocam pu s  ( S omme r’ s  sec to r ) ,  dee pe r  l a ye rs  
o f  t he  ce re b ra l  co r t ex ,  p u tame n ,  t ha l am us  a nd  ce r ebe l l a r  
P u rk in j e  ce l l s  a re  m o st  f r eq uen t l y i n ju red  b y h yp o x ic - i sc haemic  
i n su l t  (4 3 ,  6 8) .  Wa te r s he d  re gi on s  o f  t he  ce reb ra l  co r t e x  and  
a rea s  dee p  in  t h e  s u l c i  a re  pa r t i c u l a r l y vu l ne ra b le  t o  i sc haemia  
( 43 ) .   
T he  rea s on  f o r  se l ec t i ve  vu ln e rab i l i t y  i n  ne ur ona l  g r ou ps  a ppe a rs  
t o  be  d ue  t o  se ve r a l  f ac to r s .  Fi r s t l y ,  beca u se  o f  t he  l o s s  o f  
ce reb ro va scu la r  a u t o re gu l a t io n  f o l l o win g  i n ju r y,  ce r eb ra l  b lo od  
f lo w bec ome s  m ore  pa s s i ve l y  dep e n den t  o n  a r t e r i a l  b lo od  
p re s su re  ( 62 ) .  Where  s ys t emic  h yp o te n s io n  ex i s t s ,  c e r eb ra l  
i sc haemia  occu r s  pa r t i c u l a r l y i n  wa t e r sh ed  a rea s .  Sec on d ly,  
a rea s  u nde r go i n g rap id  neu ro na l  d i f fe ren t i a t i on  a t  t he  t ime  o f  
t he  in ju r y,  s uc h  a s  t he  b ra in  s t em a nd  h i pp ocam pu s ,  ma yb e  
p a r t i cu l a r l y s u s cep t ib l e  t o  va r i a t i on s  i n  pe r fu s i on  due  to  
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r e gi ona l  va sc u la r  su pp l y  (6 9 ,  7 0 ) .  T h i rd l y,  r e g io na l  me tab o l i c  
f ac to r s ,  suc h  a s  t he  h i gh  me tab o l i c  r a t e  a nd  en e r gy u s e  o f  t h e  
d eep  g re y m a t t e r ,  co u l d  a l so  p r ed i s po se  t hes e  a rea s  t o  dama ge  
( 71 ) .  Fo u r th l y ,  r e g i ona l  va r i a t i o n  i n  t he  d i s t r i bu t i on  o f  
g l u t a ma te  re cep t o r s  ma y r en de r  ce r t a i n  a rea s  p ro ne  to  i n ju r y.  
T he  b as a l  ga n g l i a ,  an d  th e  in fe r io r  o l i ve  nu c leu s  a nd  ba s i s  
p o n t i s  o f  t he  b r a in s t e m dem on st ra t e  t r an s i e n t  i nc rea se d  den s i ty  
o f  g lu t ama te  rece p t o r s  i n  t he  pe r ina t a l  a nd  in fan t  pe r i od s  (1 7 ,  
7 2) .   
T he se  p a t t e rn s  o f  neu ro na l  d ama ge  a re  a l so  re f l ec t e d  in  
n eu ro im a gi n g i n  t he  p o s tna t a l  p e r i od .  In fa n t s  wi t h  a  h i s to r y  o f  
a n  acu te  sen t ine l  e ve n t  a re  mo re  l i ke l y t o  dem on st ra t e  ba sa l  
ga n g l i a - tha l amic  ( BGT )  i n j u r i e s  on  ma gne t i c  r e s on ance  ima ging  
( M R I) .  Th i s  i s  o f t e n  ac com pa nied  b y a bn orm a l i t i e s  i n  t he  
a ppea ra nce  o f  t he  po s t e r i o r  l im b  o f  i n t e rn a l  cap s u le  (P LIC ) .  
M o re  s e ve re  ca se s  demo n st r a t e  b ra in s t e m c ha n ge s  ( 73) .  
C e re be l l a r  vu l ne rab i l i t y  i s  a l s o  e v ide n t  i n  se r i a l  M R I .  Le  
S t ran ge  e t  a l . ,  2 00 4 ,  s ho we d  s ign i f i ca n t  r e duc t io n  in  ce reb e l l a r  
g r o wt h  in  t he  f i r s t  yea r  o f  l i f e  i n  i n f an t s  w i th  se ve re  BG T 






1 .2  Outcome in per ina ta l  asphyxia  
1 . 2 . 1  E ffec t s  o f  i n t e r ve n t i on  o n  ou t come  in  p e r i na t a l  a sp h yx ia  
Ba s ed  o n  th e  s ub s t a n t i a l  e v id ence  o f  m ul t i p l e  r a nd omi zed  
c on t ro l l ed  t r i a l s ,  t he ra peu t i c  h yp o t he rm ia  ha s  becom e  th e  
s t a nda rd  o f  ca r e  f o r  i n fan t s  w i th  mo de ra t e  a nd  s e ve re  h yp o x ic -
i sc haemic  e nce pha l op a th y i n  t he  ma j or i t y  o f  ne ona ta l  u n i t s  
w he re  the  nece s sa r y r e so urc es  a re  a va i l ab l e  ( 10 -1 2 ,  1 04 ,  1 05 ) .  
In d ica t i on s  f o r  t r ea tme nt  v a r y s ome w ha t  be t wee n  cen t re s  bu t  
u s ua l l y i n vo l ve  some  c omb ina t i on  o f  b i och emica l  a nd  c l i n i ca l  
e v ide nce  o f  pe r i na t a l  a s ph yx i a  w i t h  o ve r t  c l i n i ca l  ma ni f e s t a t i on s  
o f  e nce pha lo pa th y o f t e n  ba sed  o n  the  rec ru i tmen t  c r i t e r i a  o f  t he  
l a r ge r  t r i a l s  o f  t he ra pe u t i c  h yp o t he rm ia  (1 04 ,  10 5) .   
U n fo r tu na te l y,  u s i n g t he  c ur r en t  s t a nd a r d  c l i n i ca l  ma rk e rs  
o u t l i ne d  ab o ve ,  i t  i s  e s t ima te d  th a t  w e  c ur re n t l y m i s -c l a s s i fy  
a pp ro x ima te l y 1 5 -20 %  o f  i n fan t s  a s  mi l d ,  o r  n o  en cep ha l opa t hy  
a nd  th es e  i n f an t s  a re  t he re fo re  no t  o f fe re d  the ra peu t i c  
h yp o t he rm ia ,  w or sen in g  th e i r  l on g  t e rm  pr o gno s i s  (1 06 ) .  A  
r ecen t  s tu d y s h ow ed  tha t  a  s ubs t a n t i a l  p ro po r t io n  o f  t h o se  wi th  
mi ld  en cep ha lo pa t h y w h o  d o  no t  qu a l i f y f o r  co o l i n g  go  o n  to  
h a ve  b ra i n  i n j u r y o n  su bs eq uen t  M R I  (7 5) .  He nce  the  q ue s t i on  o f  
w h o  s ho u ld  be  c oo le d  co n t in ue s  t o  be  a s ked  ( 76 ) .   
In  t he  p o s t -c oo l in g  e ra  w e  ha ve  t he re f o re  be en  l e f t  wi t h  a  
h e t e r o gen ou s  g ro up  o f  t r ea t e d  a nd  u n t rea t e d  in fan t s  w hen  w e  
l oo k  ac ro s s  t he  sp ec t r um of  c h i l d re n  a f fec t ed  b y h yp o xia -
i sc haemia  a t  b i r t h .   
T he  ma jo r i t y  o f  da t a  co nce rn i ng  t he  d i ve r se  ran ge  o f  ou t comes  
t ha t  h a ve  been  ob se r ve d  f o l l owi n g  pe r i na t a l  i n j u r y,  w e re  ba sed  
o n  c oh or t s  wi t ho u t  co o l i n g .  In  t he  s ub seq ue n t  sec t i on s  d a t a  
q u o ted  wi l l  r e fe r  t o  no n -c oo le d  c oh or t s  u n le s s  o the r wi se  s t a t ed .   
 
1 . 2 . 2  O u tcome  i n  pe r i na t a l  a sp h yx ia   
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T he  ma jo r i t y  o f  i n fa n t s  w ho  req u i re  s i gn i f i c an t  r e s u sc i t a t i o n  a t  
b i r t h  rec o ve r  q u ic k l y a nd  ha ve  no  s i gn s  o f  ence ph a lo pa t h y .  
T he se  c h i l d ren  ha d  be en  fe l t ,  i n  gene ra l  t o  ha ve  a  no rma l  
o u tc ome  a nd  f un c t io n  in  l i ne  wi t h  t he i r  p ee r s  aca demic a l l y  ( 5 ) .  
Fo r  t h i s  r ea so n ,  a t  p re se n t ,  ne ur o -pr o t ec t i ve  i n t e r ve n t i on  has  
b een  re se r ve d  fo r  i n fa n t s  wi th  m ode ra t e  o r  se ve re  HIE  a s  
o u t l i ne d  ab o ve .  Ho we ve r ,  s e ve ra l  l a r ge  p op u la t i on  ba sed  s t ud ie s  
n o w su gge s t  t h a t  t he  ou tc ome  in  c h i l d re n  wi t h  p e r i na t a l  a sp h yx ia  
w i t ho u t  c l i n i ca l  ence ph a lo pa t h y i s  no t  c ompl e t e l y n o rma l .  Odd  
e t  a l .  dem on st ra t ed  an  i nc r ea sed  r i sk  o f  l o w IQ a t  e i gh t  ye a r s  i n  
t h i s  g ro up  c om pare d  t o  a  c on t ro l  g r ou p  ( 77 ) .   Th i s  i s  c on ce r n ing  
d ue  to  t he  po ten t i a l  r i sk  o f  a  hu ge  bu rde n  o f  mo re  su b t l e  
d i sab i l i t y .   
O u tcome s  in  p e r i na t a l  a sp h yx ia  a re  s umma r i sed  in  Ta ble  1 . 1 .   
 
1 . 2 . 3  S h or t  t e rm ou tcom e  i n  HIE  
Fo r  t h o se  in fa n t s  w ho  de ve lo p  HIE ,  t h e  mo st  c ommo nl y u s ed  
g r a d in g  s ys t em  rem a in s  t h e  m od i f i e d  S a r na t  sc or e ,  d i v i d in g  the  
i n fa n t s  i n t o  mi l d ,  m ode ra t e  o r  se ve re  depe nd in g  on  t he i r  c l i n i ca l  
s i gn s ( 78 ) .  T he  a ppr ox ima te  b rea kd ow n  t e nd s  t o  be  mi l d  ( 39 %) ,  
m ode ra t e  (3 9% )  a nd  se ve re  (2 2% )  (1 ) .  T he  ma na gemen t  an d  
o u tc ome  va r i e s  s i gn i f i ca n t l y w i th  g ra de  o f  HIE .   
O f  t ho se  wi th  m ode ra t e  HIE ,  ap pr ox i ma te l y o n e  t h i rd  wi l l  
d e ve l op  c l i n i ca l  an d  e l ec t r o gra ph ic  se i zu re s  i n  t he  neo na ta l  
p e r i od  ( 79 ) .  The se  s e i zu re s  wi l l  u su a l l y  co mmenc e  b e t ween  18  
a nd  20  h ou r s  f o l l ow in g  de l i ve ry a n d  wi l l  l a s t  f ro m min u te s  t o  
h o ur s  (8 0) .  Fo l lo wi n g the  ce ss a t i on  o f  se i zure s ,  e ncep ha l opa t hy  
w i l l  g ra du a l l y imp ro ve  t o  t he  po i n t  whe re  o r a l  f ee d in g  can  
r ecom mence  a nd  ca re  n orma l i se .  Bo t h  se i zur e  b ur de n  a nd  the  
t i me  t o  ach ie ve  f u l l  o ra l  f ee d in g  a re  us e f u l  i n  p red ic t i n g t he  
l on g  t e rm  o u tco me  of  t h e  i n fa n t  ( 79 ) .   
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T he  o ve r a l l  d ea th  ra t e  i n  neo na ta l  ence ph a lo pa t h y o f  a l l  g rades  
i s  9 . 9% i n  de ve lo ped  co un t r i e s  bu t  t h i s  r i se s  ac u te l y to  3 0% 
am on g  t ho se  w ho  qu a l i f y f o r  coo l in g  a nd  p re c ip i to us l y to  76 .8%  
w he n  we  c on s i de r  se ve re  ence pha l opa th y a l on e .  ( 1 ,  3 ) .   
 
1 . 2 . 4  Lo n g  t e rm  o u tco me  i n  HIE  
P r io r  t o  t he  c oo l i n g  e ra  a pp rox ima te l y 2 6 . 4%  of  i n f an t s  wi th  
n eo na ta l  enc ep ha lo pa t h y s u r vive d  w i th  mo de ra t e  t o  s e ve re  
n eu ro de ve lo pmen ta l  im pa i rmen t  a nd  a  fu r the r  14 % su r vi ved  w i th  
mi ld  impa i rme nt  (1 ) .  R ep or t e d  r a t e s  o f  ce r eb ra l  pa l s y f o l l o wing  
n eo na ta l  enc ep ha lo pa t h y va r y bu t  a re  ge ne ra l l y  a r ou nd  1 0 -13%  
am on g  su r vi vo r s  o f  m ode ra t e  t o  se ve re  ence pha lo pa th y ( 8 1 ,  82 ) .  
T he  r i sk  i s  i nc r eas ed  th ree f o ld  whe re  the re  i s  a  h i s to r y o f  
n eo na ta l  s e i zu re s  (8 1) .  D ys k i ne t i c  CP  an d  s pa s t i c  q uad r ip l e gia  
a re  t h e  mo st  c omm on  su b t yp e s  wi t h  8 0%  of  d ys k i ne t i c  CP  
a t t r i bu ta b le  t o  pe r i na t a l  h yp o x ia - i s chae mia  a t  t e rm (8 2) .  Sen s or y  
d i s r up t i on  i s  a l so  inc rea se d  fo l lo wi n g  h yp o xi c - i sc haemic  
i n ju r i e s .  Ra te s  o f  he a r i n g  l o ss  a r e  r e po r t ed  t o  be  a s  h i gh  a s  
1 7 .1%  in  t ho se  wi th  o the r  p e r s i s t e n t  neu ro l o gi ca l  d e f i c i t s  ( 83) .  
U p  to  4 1%  o f  i n fan t s  ha ve  an  a bn orma l i t y  o f  s ome  e l eme nt  o f  
v i s ua l  fu nc t i on  i n  t he  f i r s t  ye a r  o f  l i f e  fo l lo wi n g  a  d i a gno s i s  o f  
n eo na ta l  e nce ph a l opa th y ,  a nd ,  w he re  th i s  i s  a s s oc i a t e d  wi th  
m ode ra t e  t o  se ve re  ba sa l  ga ng l i a  ch an ge s  an d  se ve re  w hi t e  
ma t t e r  ch an ges  o n  M R I ,  t h i s  r i se s  t o  1 00 % ( 84 ) .   
T he ra pe u t i c  h yp o t he rmia  ha s  im pr o ve d  t he  ou t l oo k  fo r  i n fa n t s  
w i t h  m ode ra t e  t o  se ve re  HIE ,  w i th  i nc rea se d  l i ke l ih oo d  o f  
s u r v i va l  wi th  no rma l  I Q  ( RR =1 .3 1)  an d  im pr o ve d  su r vi va l  
w i t ho u t  n eu ro l o gi ca l  a bn orma l i t i e s  (R R=1 .6 )  fo l l o wing  
t he ra pe u t i c  h yp o the rmia  a t  fo l lo w -u p  a t  s ix - s e ven  ye a r s  o f  l i f e  




I t  i s  i mp or t a n t  t o  no t e  t ha t  l e a rn in g  de f i c i t s  ma y b e  p re sen t  wi th  
o r  wi th ou t  m ot or  o r  s en so r y d ys f u nc t io n .   Im pa i r ment s  i n  
e p i so d ic  memo r y a s soc i a t e d  wi t h  red uce d  h ip poc ampa l  vo l ume  
h as  bee n  f ou nd  i n  c h i ld ren  f o l l o win g  pe r i na t a l  h yp o x ic -
i sc haemic  i n j u r y b u t  wi th ou t  a s soc i a t e d  ne ur o lo g ica l  de f i c i t s  
( 85 ) .  R obe r t so n  an d  Fi n e r  sh o wed  a  re duc t io n  in  sc ho o l  
r ead i ne s s  sco re s  a s  we l l  a s  a t t e n t i on  sc ore s  a nd  i nc re as es  i n  
s ym p t om s o f  ex p lo s i ve ne ss  an d  i r r i t ab i l i t y  a t  f i ve  a nd  ha l f  ye a r s  
i n  su r v i vor s  o f  mo de r a t e  e nce pha l opa th y w i t ho u t  o th e r  d i sa b i l i t y  
( 86 ) .  Ma r lo w  e t  a l .  a l s o  dem on st ra t e d  memo r y a nd  
a t t en t i on /exe cu t i ve  fu nc t i on  i mpa i rme nt s  i n  t he  se ve re  
e ncep ha l opa t h y g r o u p  an d  i nc rea se d  spec i a l  ed uca t i on a l  nee ds  
a nd  l o wer  a ch ie veme nt  on  na t i on a l  cu r r i cu l um a t t a in ment  sc or e s  
i n  b o th  m ode ra t e  a nd  se ve re  g r ou p s  a t  se ve n  ye a r s  ( 4 ) .  O dd  e t  a l .  
s h o wed  in fan t s  wi t h  e ncep ha l opa t h y ha d  lo we r  wo rk i n g memo r y,  
r ead i n g  a ccu rac y a nd  c om pre hen s i on  sc ore s  a nd  i nc rea sed  
r eq u i re ment  fo r  e duca t io na l  sup p or t  (O R= 6. 24 )  be tw een  e i gh t  
a nd  e l e ven  ye a rs  (5 ) .  A Sw ed i s h  p op u la t i on  ba sed  s t ud y  
e xami n in g  t he  l on g  t e rm ou t come  f o l lo wi n g  mo de ra t e  
e ncep ha l opa t h y h a s  sh o wn  t ha t  i n  l a t e  a do l e s cence  the  ra t e s  o f  
d i sab i l i t y  a r e  e ven  h i gh e r ,  wi th  3 0%  h a vi n g  C P ,  a nd  7 0%  of  
t ho se  wi th ou t  CP  ha vi n g  c o gn i t i ve  d i sa b i l i t y  w h ic h  i n t e r fe red  
w i t h  t he i r  da i l y  l i f e  ( 9 ) .   
 
N eo na ta l  e nce pha l op a th y h a s  a l so  been  a s soc i a t e d  wi t h  inc rea sed  
b eha v io ur a l  d i f f i cu l t i e s .  Th ose  c h i l d re n  wi t h  a  h i s to r y o f  
m ode ra t e  an d  se ve re  e ncep ha l op a th y h a ve  a  s i gn i f i can t  i n c reas e  
i n  pa re n t  an d  t e ache r  r ep or t ed  h yp e rac t i vi t y  (4 ) .  T he re  i s  a l s o  a  
r ep or t e d  inc rea se  i n  au t i s t i c  s pec t rum  d i so rde r s  i n  t he se  ch i l d r en  
b y f i ve  yea r s  (R R= 5. 9)  ( 87 ) .  Ad ve rs e  pe r ina t a l  e ve n t s  a re  a l so  
a s soc i a t e d  wi th  an  i nc rea sed  r i sk  o f  p s yc h o t i c  s ym pt oms  
i nc lu d i n g  s ch i zop hr en ia  ( 88 ,  89 )  
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T he  l on ge r  we  fo l lo w t he se  c h i ld re n  th e  mo re  e v ide n t  i t  bec omes  
t ha t  pe r i na t a l  a sp h yx ia  a nd  HIE  ha ve  s i gn i f i can t  l o n g  t e rm  n on -
m oto r  e f f ec t s  on  the se  c h i ld re n .   
 
 
S h or t - ter m   
 D ea t h   
 HIE   
 N eo na ta l  se i zure s   
L on g - te r m    
 M o to r  C e re bra l  Pa l s y  
 S e ns or y  He a r in g  l o s s  
  V i sua l  im pa i rme nt  
 
C o gni t i ve  
E p i so d ic  a nd  Wo rk in g  
M em or y  
  At t e n t i on  
 
E duca t io na l  
In c rea sed  su pp or t  
r eq u i re ment s  
  Lo w e r  t e s t  sc or e s  
 Be ha v io ur a l  At t e n t i on  
  E xp l o s i ve ne s s  
  I r r i t ab i l i t y  
 N eu ro p s yc h ia t r i c  P s yc h o t i c  s ym p tom s  
 
N eu ro de ve lo pme nta l  
Au t i s t i c  S pec t ru m 
D i so rde r s  
 
T a b le  1 . 1 :  Outc o me s  i n  pe r i na ta l  a s phy x ia .  A  s um m a r y  t ab l e  o f  
o u t co m e s  w i t h  i n c r e a sed  i nc id en c e  f o l lo w i n g  h yp o x i c - i s c h a em ic  





1 .3  Predic tion o f  ou tcome in perina ta l  asphyx ia  
Wh i le  h yp o x ic - i scha emic  m echan i sm s o f  i n ju r y can  be  s u gge s t ed  
b y a  kn ow n p e r i na t a l  i n s u l t ,  i f  i den t i f i ed ,  e . g .  p l ace n ta l  
a b r up t i on  o r  umb i l i ca l  co r d  acc i den t ,  b ioc hemic a l  e vi de nce  o f  
me t ab o l i c  ac id os i s ,  dep re s sed  Ap ga r  sco re s ,  t yp i ca l  c l i n i ca l  
s i gn s  a nd  ima gin g  f i nd in gs ,  i t  c a n  be  ve r y d i f f i c u l t  t o  make  th i s  
d i f fe re n t i a t i o n  qu i ck l y a f t e r  b i r th  ( 90 ) .  Ho we ve r ,  a s  
a pp ro x ima te l y 5 0  –  80%  o f  n eo na ta l  enc ep ha lo pa t h y can  b e  
a t t r i bu te d  to  h yp o x ia - i sc haemi a  an d  g i ven  t he  po t en t i a l  be ne f i t  
o f  t r ea tmen t ,  o ur  ab i l i t y  t o  i de n t i f y t ho se  in fan t s  su f fe r i n g  f rom 
h yp o x ic - i sc haem ic  in j u r y i s  bec omi n g  in c rea s i n g l y im po r t an t  
( 17 ,  2 3 ,  9 1 ,  9 2) .  Cu r re n t  an d  n o ve l  mar ke r s  f o r  p red ic t i on  o f  
o u tc ome  a re  de sc r i bed  be lo w a nd  su mmar i se d  in  T ab le  1 . 2 .  
 
1 . 3 . 1  C u rre n t  Ma rke r s  fo r  P red ic t io n  o f  O utc o me  
T he  a d ven t  o f  t he rape u t i c  h yp o t he rm ia  a s  a  ne ur o -pr o t ec t ive  
t r ea tme nt  fo r  t ho se  wi th  mo de ra t e  an d  se ve re  ence pha lo pa th y h as  
im pr o ve d  p r o gno s i s  ( 3 ,  1 1) .  Hyp o t he rmia  i s ,  h o we ve r ,  a  t ime  
s en s i t i ve  in t e r ve n t i on ,  wi th  a  ve r y n a r r ow  the rape u t i c  wi nd ow  
a nd  m us t  be  in s t i ga t ed  wi th i n  6  h ou r s  o r  i dea l l y  s o o ne r  
f o l l o win g  de l i ve r y to  b e  e f fec t i ve  ( 93 ) .  Th e re  i s  a  need  to  
p ro mpt l y i de n t i f y t h o se  wh o  w i l l  be ne f i t  f r om c ur ren t  and  
eme r g in g  neu ro -p ro t e c t i ve  t he rap i e s  t o  gu i de  ap pr op r i a t e  
a pp l i ca t i on  o f  r e so urce s  an d  p e rmi t  p r o gno s t i c a t io n .  So  t he  
c ha l l e n ge  ha s  bec ome  t he  ide n t i f i ca t io n  o f  t ho se  in fan t s  wi th  
s i gn s  o f  pe r i na t a l  a s ph yx ia  w ho  w i l l  de ve lo p  mo der a t e  o r  se ve re  
HIE  i n  t he  co min g  h ou r s .  Cu r ren t l y a va i l ab l e  i nd ica t o r s  suc h  a s  
b lo od  b i ochem is t r y,  c l i n i ca l  e xami na t i on  an d  e l ec t r op h ys i o lo gy  
h a ve  l i mi t a t i on s  a nd  t he i r  p r ed ic t i ve  p o wer  ha s  bee n  a f fec t e d  b y  
t he  i n t e rced i n g  in t e r ven t io n  o f  t he ra pe u t i c  h yp o t he rmia  ye t  t he y  
s t i l l  r ema in  t he  ba s i s  fo r  p r ogn o s t i ca t i on  i n  t h e  c r i t i c a l  f i r s t  




1 . 3 . 1 . 1  Fo e t a l  an d  Ma te rna l  Fa c t o r s  
C e r t a in  Fo e t a l  a nd  ma te r na l  f ac to r s  ha ve  bee n  rep or t ed  to  
i nc re as e  r i s k  o f  pe r i na t a l  d i s t r e ss .  Ha ye s  e t  a l .  fo un d  t ha t  
p re se nce  o f  h i ghe r  g r ade  m eco n i um,  g r o wth  re s t r i c t i on ,  l a r ge  
h ead  c i rcu mfe renc e ,  o l i goh yd r amni o s ,  ma l e  se x ,  ma t e r na l  
p yr e x ia  a nd  in c rea se d  u t e r in e  ac t i vi t y  w e re  a s soc i a t ed  wi t h  an  
i nc re as ed  l i ke l i ho od  o f  po or  Fo e t a l  t o l e r ance  o f  l ab ou r  and  
s u b seq uen t  d e ve l op ment  o f  HIE  (9 4) .  Bad aw i  e t  a l .  f ou nd  tha t  
t he  r i s k  o f  m ode ra t e  o r  se ve re  ne ona t a l  ence ph a lo pa th y i n c rea sed  
w i t h  ma te rna l  a ge  b u t  d ec rea se d  wi th  inc rea s i n g pa r i t y  (9 5) .  
Lo w e r  soc ioec on omic  s t a t u s  ba se d  on  m a te r na l  o ccu pa t i on  a s  
w e l l  a s  a n  ab se nce  o f  p r i va t e  hea l th  i n s ura nce ,  a  f am i l y h i s to ry  
o f  s e i zu re s  an d  neu ro l o g ica l  d i sea se ,  a nd  i n fe r t i l i t y  t r ea tme nt  
a l s o  inc rea se d  o dd s .  An ten a ta l  f ac to r s  i nc rea s i n g  r i sk  o f  NE 
i nc lu de d  ma t e r na l  t h yr o id  d i sea se ,  se ve re  p re -e c l amp s ia  a nd  
m ode ra t e  t o  se ve re  b l eed i n g  ( 95) .  The  same  gro up  a l so  p ub l i shed  
o n  t he  in t ra -pa r tum  r i s k  fa c to r s  f o r  mo de ra t e  t o  se ve re  NE,  
w h ich  i nc l ude d  ma te r na l  p yr ex ia ,  p e r s i s t e n t  occ i p i to -p o s t e r io r  
p o s i t i on ,  i n duc t io n  o f  l ab ou r  an d  emer ge nc y o pe ra t i ve  d e l i ve r y  
( 96 ) .   
C e r t a in  pa t ho l o g ica l  p l ac en ta l  f ea t u r e s  ha ve  a l so  bee n  a s so c i a t ed  
w i t h  a  po ore r  o u tc ome  f o l l o wi n g de l i ve r y.  An ot he r  s tu d y by  
Ha ye s  e t  a l .  f ou nd  tha t  meco n i um p ha goc yt o s i s ,  ha emo rr ha ge ,  
r a i sed  p l ac en ta l  t o  b i r th we igh t  r a t i o  a nd /o r  mar ke r s  o f  
i n fec t io n / i n f l a mmat i on  w ere  in de pen den t l y a ss oc i a t ed  w i th  g rade  
o f  NE  an d  c h i l d re n  wi t h  a  p oo re r  l on g - t e rm ou tcom e ,  i . e .  dea th  
o r  l o w  sco re  o n  ne ur ode ve l opme nta l  a s se s sment s ,  ha d  a  h i ghe r  
i nc id ence  o f  a  c om bina t io n  o f  t he se  fea tu re s  (9 7) .  Mi r  e t  a l .  
f ou nd  tha t  d i f f u se  c hr on i c  vi l l i t i s  i n c rea se d  t he  o dd s  o f  an  
a bn orma l  ne ur ode ve lo pme nta l  ou tcom e ,  d es p i t e  h yp o t he rmia ,  by  
a  f ac t o r  o f  n i ne  (9 8) .  Na s i e l l  e t  a l .  a l s o  a s so c i a t e d  p l ace n ta l  
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a bn orma l i t i e s  wi th  t he  r i s k  o f  s e ve re  ence ph a lo pa t h y and  
i den t i f i e d  ve l ament ou s  o r  ma r gi na l  c o r d  i n se r t i o n  a nd  
h i s to l o g ica l  ab ru p t io n  a s  s i gn i f i ca n t  f ac t o r s  ( 99 ) .    
 
1 . 3 . 1 . 2  C ar d io t oc o g rap h  
C a r d io t oc o grap h y i s  w ide l y u s e d  fo r  t he  a s se s smen t  o f  Fo e ta l  
w e l l be i n g  in  l a bo ur .  In  I re l an d ,  ba s ed  o n  a  su r ve y o f  na t io na l  
u se  i n  2 00 2 ,  a l l  ma te rn i t y  un i t s  had  acce s s  t o  e l ec t ro n ic  Fo e ta l  
m oni to r in g  ( E FM )  ( 10 0) .  96 % p e r fo rmed  an  admi s s i on  CT G on  
a l l  w ome n  a nd  36 % r ou t ine l y u se d  c on t in uo us  E FM  in  w omen  
w i t ho u t  r i s k  fac to r s  du r i n g  l a bo ur .  T he  in t e r p re t a t io n  o f  f oe t a l  
h ea r t  mo ni t o r i n g re qu i re s  an  i n  de p t h  u nde r s t a nd i n g o f  t he  
u n de r l yi n g  p h ys i o lo g ica l  m ech a n i sm s.  Whi l e  a  n orma l  CTG  
p a t t e rn  i s  r ea ss ur in g  fo r  Fo e ta l  h ea l t h ,  man y i n f an t s  w i th  n orma l  
p o s t na t a l  co ur se  wi l l  ha ve  abn or ma l  f ea t u re s  o n  E FM  ( 1 01)  
P a t ho l o g ica l  pa t t e r n s  o f  dece l e ra t i on s  a nd  b ra d yca rd i a  a r e  
p o or l y p red ic t i ve  o f  t h e  in fan t ’ s  c on d i t i on  a t  de l i ve r y bu t  r ema in  
a n  im pe t us  f o r  o bs t e t r i c  i n t e r ve n t i on  ( 19 ,  1 02 -1 04 ) .  
C ha rac t e r i s t i c s  a s s oc i a t e d  wi t h  a n  i nc r ea sed  r i sk  o f  ce reb ra l  
p a l s y inc l ude  mu l t ip l e  l a t e  dece l e ra t i on s  an d  de c rea se d  b ea t - to -
b ea t  va r i a b i l i t y  b u t  t he  fa l s e  po s i t i ve  ra t e  ha s  bee n  r ep or t e d  a t  
9 9 .8%  ( 10 5) .  The  ad d i t i on  o f  ST  a na l ys i s  a s  an  ad j unc t  t o  CTG  
m oni to r in g  ha s  bee n  sh ow n  to  p r o v ide  m ore  acc ur a t e  i n fo rma t i on  
a bo u t  Fo e ta l  d i s t r e ss  ( 10 6) .  Ho we ve r  t he re  a re  co nce rn s  a bou t  
h uma n  e r ro r  a f fe c t in g  e f fec t ive  u sa ge  (1 07 ) .  A l a r ge  sca l e  
r an domi se d -co n t r o l l e d  t r i a l  o f  c omp ute r i sed  CT G in t e rp re t a t ion  
w i t h  in t e l l i gen t  dec i s io n  s up po r t  i s  un de r wa y t ha t  a im s  to  
d e t e r mine  t he  e f fe c t  o f  t h i s  s ys t em  o n  po or  n eo na ta l  o u tco mes  
( 10 8) .   
 
1 . 3 . 1 . 3  Ac i d -ba se  ba l a nce  
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A d i s t u r ba nce  in  ac id -ba se  ba l a nce  i s  o ne  o f  t h e  ea r l i e s t  and  
ea s i l y  mea s ure d  ob jec t i ve  s i gns  o f  Fo e ta l  d i s t r e s s .  The  de gree  o f  
ac i do s i s  i s  mea su red  b y s ca lp  o r  c o r d  p H,  w i th  ac id o s i s  be ing  
u se d  to  de t e rmi ne  t he  nee d  f o r  i n t e r ven t io n  (1 09 ) .  A p H of  < 7 . 00  
g i ve s  a  50 % cha nce  o f  a bn orma l  o u tc ome ,  h o we ve r  i t ’ s  p o s i t i ve  
p re d ic t i ve  va l ue  f o r  s i gn i f i can t  en cep ha l opa t h y i s  l o w  ( 11 0) .  
T h i s  p re d ic t io n  m i gh t  be  im pro ve d  b y f oc us in g  on  me t ab o l i c  
ac i do s i s ,  a nd  i n  pa r t i cu l a r  l a c t a t e  l e ve l .  Ho we ve r ,  se ve r a l  l a r ge  
t r i a l s  ha ve  s ho w n t ha t  l a c t a t e  mo ni t o r i n g  d ur i n g  l ab ou r  d oe s  no t  
im pr o ve  ou r  a b i l i t y  t o  de t ec t  o r  p re ven t  ad ve r se  l a bo ur  ou tcom es  
c ompa re d  to  p H m oni to r in g  a lon e  an d  ma y i n  fac t  i nc rea se  ra t e s  
o f  i n s t rume nta l  d e l i ve r i e s  u nnece s sa r i l y  ( 11 1 ,  1 12 ) .  
 
1 . 3 . 1 . 4  Ap ga r  sco re  
Al m o st  a l l  i n f an t s  a re  bo rn  th ro u gh  the  e ye s  o f  Vi r g in i a  Ap ga r ,  
w i t h  mi d wi ve s  w or l d wid e  u s i n g  h e r  c l i n i ca l  sc ore  t o  de sc r ibe  the  
c on d i t i on  o f  t he  in fan t  a t  b i r t h  a n d  t he  re s po n se  to  re su sc i t a t i on .  
Ho w e ve r ,  Ap ga r  sc ore s  su f fe r  f r om  p oo r  sen s i t i vi t y  a nd  
s pe c i f i c i t y ,  a s  80 % o f  t h o se  wi th  an  Ap ga r  sco re  o f  ≤7  a t  5  min  
w i l l  ha ve  a  no rma l  o u tc ome  (1 1 0) .  O f t en  fe l t  t o  be  u se fu l  a t  
e x t re me s ,  o ne  i n  f i ve  bab ie s  wi th  a n  Ap ga r  sc ore  o f  0  a t  10  min  
w i l l  su r v i ve  t o  sc ho o l  a ge  wi t ho u t  mo de ra t e  o r  se ve r e  d i s ab i l i t y  
( 11 3) .  A f u r the r  d i f f i cu l t y  i s  t he  s ub je c t i ve  na t u re  o f  t he  Ap ga r  
s co re ,  whi ch  l ead s  to  h i gh  l e ve l s  o f  i n t e r -o b se r ve r  va r i a b i l i t y .  
S u b jec t i ve  rea l  t ime  c l in i ca l  sc ore s  ha ve  bee n  sh o wn to  
o ve re s t ima t e  Ap ga r  sc ore s  b y a  me dia n  va l ue  o f  2 . 4  com pa red  to  
l a t e r  vi de o  e nha nce d  e s t ima t i on  ( 11 4) .  At t empt s  h a ve  be en  ma de  
t o  i mp ro ve  on  th e  c on ven t io na l  Ap ga r  s cor e  wi t h  Ex pan ded  and  
C om bine d  ve r s i on s  t ha t  t a ke  a s pe c t s  o f  ne ona ta l  r e s u sc i t a t i on  
i n to  a cco un t  (1 15 ,  1 16 ) .  In  pa r t i c u l a r  t he  Com bi ned  Ap ga r  s co re  
a t  f i ve  min u te s  o f  l i f e  ha s  sh o wn  s ome  p ro mi se  in  t he  p re d ic t i on  
o f  pe r i na t a l  a s ph yx i a  ( se n s i t i v i ty  9 7 % a nd  s pec i f i c i t y  9 9% )  and  
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HIE ,  t h ou gh  i t  c a nn o t  d i s t i n gu i sh  se ve r i t y  o f  HIE ,  a nd  lo n g  t e rm 
o u tc ome  da t a  t o  da t e  ha s  bee n  un a va i l ab l e  (1 17) .   
 
1 . 3 . 1 . 5  C l in i ca l  exam ina t io n  
T he  ne ur o lo g ica l  e xami na t i on  o f  a  ne on a te  i s  a  c l i n i ca l  sk i l l  
l e a rn t  t h ro u gh  e xpe r i e nce  a nd  e xp o su re .  S t an da r d i sed  sco re s  
h a ve  been  de ve l op ed ,  an d  wi de ly u s e d  i n  an  a t t e mpt  t o  imp ro ve  
i n t e r -o b se r ve r  r e l i ab i l i t y . ( 11 8 -12 0)  Ho we ve r ,  t h e  ex amin a t io n  o f  
a  s i c k  ne ona t e  i s  ham pere d  b y t h e  nee d  f o r  sed a t i ve  medic a t io ns ,  
a n t i - co n vu l san t s  an d  in t uba t io n .  P re v io u s  wo rk  b y o u r  g r ou p  has  
s h o wn t ha t  t he  b es t  p red i c t io n  o f  o u tc ome  i s  ac h ie ved  b y t he  
e xami na t i on  a t  d i sc ha r ge .  E xamin a t io n  o n  t he  f i r s t  po s t na t a l  da y ,  
e ven  u s in g  a  s t a nda rd i se d  me t ho d ,  ha s  p oo r  p red ic t i on  o f  
o u tc ome  a t  t wo  yea r s  (1 21 ) .  Mor e  rece n t  s t ud ie s  ha ve  sh o wn  tha t  
t he ra pe u t i c  h yp o t he rmia  i n t e r fe r e s  wi th  o ur  a b i l i t y  t o  ac cu ra t e l y  
e s t im a te  t he  neu ro lo g ica l  s t a t e  o f  t h e  i n f an t  (6 ) .  An  o ve r v ie w  o f  
n eo na ta l  a s se ss ment  me t ho do lo g ie s  i s  c o ve re d  i n  Sec t io n  1 . 4 . 1 .   
 
1 . 3 . 1 . 6  Ele c t r op h ys i o lo g ica l  m oni to r in g  
C o nt in uo u s  e l ec t r oen cep ha lo gra ph y ( cEE G)  an d  am pl i t ude  
i n t e gra t e d  EE G ( aEE G)  a re  imp or t an t  t o o l s  f o r  a s se s smen t  and  
p ro gn o s t i ca t io n  in  HIE .  Bot h  to o l s  ha ve  b een  sh o wn  t o  o f fe r  
e xce l l e n t  p red i c t i ve  a b i l i t y  a s  ea r l y a s  t h ree  t o  s i x  ho urs  
f o l l o win g  de l i ve r y ( 12 2) .  A nor ma l  EE G s oo n  a f t e r  b i r t h  gi ves  
1 0 0% no rma l  ou tc ome  a t  t wo  ye a rs  ( 12 3) .  Ho we ve r ,  an  ab no rma l  
EE G,  o r  aEE G i s  l e ss  he lp fu l .  T he  P P V of  a  se ve re l y a bn or ma l  
aEE G f o r  dea t h  o r  d i sab i l i t y  a t  s ix  ho ur s  i s  0 .6 3  w hen  a s se s sed  
b y vo l t a ge  an d  0 .5 9  whe n  t he  aEE G i s  a s se s se d  b y p a t t e rn .  Th ese  
va lue s  d r op  s l i gh t l y b u t  no t  s i gn i f i ca n t l y i n  c oo le d  i n fa n t s  
( 12 4) .  A rec en t  s tu d y s ho wed  t ha t ,  i n  t he  e ra  o f  co o l i ng ,  
p e r s i s t e nce  o f  a bn or ma l i t i e s  on  EE G a t  36  an d  4 8  ho ur s  wa s  
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p re d ic t i ve  o f  ab no rma l  o u tcome  ( 12 5) .  In  ex pe r i e nce d  hand s  
EE G ca n  be  a n  exc e l l e n t  ad j un c t  t o  c l i n i ca l  dec i s io n  mak ing .  
Ho w e ve r  i n  ca s e s  wh e re  t he ra pe u t i c  h yp o th e rmi a  i s  ap p l i e d ,  i t s  
p ro gn o s t i c  u t i l i t y  i s  p u she d  t o  l a t e r  i n  t he  n eo na ta l  co ur se .   
D ue  to  l im i t a t i on s  i n  acce s s  t o  r e s ou rce s  a nd  e xpe r t i se ,  on e  o r  
t w o  c han ne l  aEE G i s  m ore  c omm onl y u s ed  i n  neo na ta l  un i t s  t ha n 
cEE G.  Hen ce  aEE G wa s  an  inc l us i on  c r i t e r i a  i n  t he  TO BY  St ud y ,  
a  ma j or  t r i a l  o f  t he rap eu t i c  h yp o t he rm ia  (1 26 ) .  De sp i t e  i t s  
p e rce i ve d  ea se  o f  u se ,  a EE G i s  h i gh l y u se r  de pen den t  an d  ma ny  
n eo na to lo g i s t s  l a ck  co nf i den ce  in  t he i r  o w n a b i l i t i e s  (1 27 -1 29 ) .   
T he re  i s  a  l a ck  o f  c on se n su s  in  c l i n i ca l  p rac t i ce  o ve r  t he  
a pp ro pr i a t e  g ra d in g  an d  c l a s s i f i ca t io n  o f  ne ona ta l  cEE G (1 30 ) .  
N u mer ou s  s uch  s ys t em s ha ve  b een  p ro po sed  de r i ved  f r om the  
s emi na l  wo rk s  i n  ne on a ta l  EEG ( 1 2 3 ,  13 1 -13 3) .  Fe a tu re s  o f  
cEE G u se d  t o  c l a s s i f y ne ona ta l  cEE G i n c l ude  the  amp l i t ude ,  
f r e que nc y,  s ym met r y,  s yn ch ro ny a n d  s l ee p -wa ke  c yc le ,  a s  we l l  
a s  t r a n s i e n t s  a nd  se i zure s  i n  a bn or ma l  ca se s  (1 34 ,  1 35 ) .  In  t h i s  
t he s i s ,  c EE G wa s  ap p l i e d  a s  d es c r i bed  in  Ll o yd  e t  a l ,  2 015  
( 13 6) .  I t  wa s  th en  g ra ded  acco rd in g  to  t he  p r e vi ou s l y de sc r i bed  
M u rra y e t  a l ,  2 00 9 ,  wi th  i t s  e s t ab l i she d  p re d ic t i ve  va l id i t y  
( 12 3) .   
 
1 . 3 . 1 . 7  N eu ro ima gin g  
N eu ro ima gin g  an d  pa r t i c u l a r ly m a gn e t i c  r e so nance  ima ging  
( M R I)  ha s  c ome  i n t o  w ide s pread  u se  i n  t he  de ve lo pe d  w or ld  to  
a i d  i n  p r o gno s i s  o f  c a s e s  o f  pe r in a t a l  a s ph yx ia .  Spe c i f i c  pa t t e r ns  
o f  i n j u r y c an  be  a s so c i a t e d  wi t h  pa r t i c u l a r  l on g - t e rm 
n eu ro l o gi ca l  de f i c i t s .  Th e  BGT pa t t e rn  d i s cu s sed  p re v io us l y i s  
a s soc i a t e d  wi t h  mo re  se ve r e  d i sa b i l i t y  d ue  to  d ys k i ne t i c  ce re bra l  
p a l s y.  Whi l e  i n fa n t s  wi th  a  ‘ wa t e r sh ed ’  i n j u r y p a t t e rn ,  
a s soc ia t e d  wi th  a  m ore  p r o lo n ged  pa r t i a l  a s ph yx ia  a nd  o f t e n  wi th  
a  h i s to r y o f  h yp o ten s i on ,  i n fec t i on  an d  h yp o gl yc ae mia ,  mo re  
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o f t e n  demo n st ra t e  a  no rma l  ea r ly o u tc ome  bu t  l a t e r  d e ve l op ment  
ca n  be  a f fe c t ed  b y s u b op t ima l  hea d  g ro wt h ,  b eha v io ura l  
p ro b lem s ,  l an gua ge  de l a y,  ep i l e p s y,  r ed uce d  IQ  an d  po ore r  
v i s u os pa t i a l  sk i l l s . ( 13 7)  Spec i f i c  f i n d in gs  o n  MR I ,  s uch  a s  
a bn orma l  s i gn a l  i n t en s i t y  o f  t he  p o s t e r io r  l im b  of  t he  in t e r na l  
ca p su le  ( P LIC ) ,  ha ve  be en  sho w n  to  be  h i gh l y p re d ic t i ve  o f  
s e ve re  ad ve r se  seq ue lae . ( 73 )   
S e ve ra l  s tu d ie s  h a ve  s ho wn  tha t  mo re  su b t l e  mea su reme nt s  on  
M R I  can  he lp  p re d ic t  o u tc ome .  L i a u w  e t  a l  2 00 9  fo un d  tha t  l ow  
a ppa ren t  d i f fu s i on  c oe f f i c i e n t  (AD C )  va l ue s  i n  no rma l -a ppea r ing  
b as a l  gan g l i a  a nd  b ra in s t em c or re l a t e d  wi t h  o u tc ome  (1 38) .  
Al d e r l i e s t en  e t  a l  2 01 1  fo un d  th a t  c omb in i n g  M R i ma gi n g  sco re  
w i t h  AD C me as ur emen t s  f o r  t he  b as a l  gan g l i a  a nd  tha l ami  
im pr o ve d  p red ic t i on  f o r  a bn orma l  ou tcome  c om pare d  to  MR  
ima gi n g  a l one  ( 13 9) .  A l a t e r  pa pe r  b y t he  same  gro up  sh ow ed  
t ha t  l ow  AD C va l ue s  i n  t he  po s t e r i o r  pa r t  o f  t he  c orp u s  ca l l o sum 
w er e  a s s oc i a t e d  wi th  ab no rma l  o u tco me s  bu t  t ha t  t h i s  e f fec t  
a ppea re d  t o  be  a t t en ua te d  s omew ha t  i n  a  c oo le d  c oh or t  (1 40 ) .  
C o o l in g  ap pea r s  t o  r ed uce  t he  f req uen c y an d  s e ve r i t y  o f  BGT 
a bn orma l i t i e s  c om pare d  t o  n on -c oo le d  i n fa n t s  bu t  doe s  no t  a f fec t  
t he  p re d ic t i ve  a b i l i t y  o f  an  a bn or ma l  M R I fo r  a  p oor  
n eu ro de ve lo pmen ta l  ou tc ome  ( 14 1) .  Ro l l i n s  e t  a l .  l o oke d  m ore  
c l o se l y a t  t he  ou t come  f o r  i n fa n t s  wh o  h ad  a  n orm a l ,  o r  
mi n ima l l y ab nor ma l ,  MR I  f o l l ow i n g c oo l in g  a nd  fo un d  t ha t  ou t  
o f  52  s uch  pa t i e n t s  4 0%  ha d  a n  ab no rma l  ne ur ode ve lo pme nta l  
o u tc ome  a t  2  ye a rs  a nd  u r ged  ca u t i on  i n  p r o gno s t i ca t i n g  b as ed  
o n  a  r e l a t i ve l y n o rma l  M R I  ( 14 2) .   
 
1 . 3 . 2  N o ve l  mar ke rs  f o r  t he  p re d ic t i on  o f  ou tcom e   
T he re  i s  i nc rea s i n g i n t e re s t  i n  t h e  p o ss ib i l i t y  o f  de ve lo p in g  m ore  
acc ur a t e ,  e a r l y an d  r e l i a b l e  b ioma rke r s  fo r  p re d ic t i n g  lo n g  t e rm  
o u tc ome .  T he se  b io -  a nd  ph ys i o mar ke r s  ma y t ak e  t he  fo rm of  
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p h ys i o l o gic a l  m on i to r in g ,  ne uro p h ys i o lo g ica l ,  r ad i o l o gic a l ,  o r  
b ioc hemic a l  pa rame te r s .  In  fac t  t he  i d ea l  mar ke r  ma y b e  a  
c ombi na t i on  o f  mul t ip l e  i nd ic e s .   
R ed uced  he a r t  r a t e  va r i a b i l i t y  ( HR V )  h as  sh o wn po ten t i a l  t o  
p re d ic t  t he  e vo l u t i on  o f  m ode ra t e  t o  se ve re  e nce pha l op a th y and  
a bn orma l  ou tc ome s  ( 14 3 -1 45 ) .   
Im p ro veme nt s  i n  m a gne t i c  r e so na nce  ima gi n g  (M R I)  has  
im pr o ve d  o ur  a b i l i t y  t o  d e l in ea t e  pa t t e r n s  o f  i n j u r y  
r ad i o lo g ica l l y  an d  t he re b y,  a i d  i n  p ro gn o s i s  ( 13 7) .  P i g l e t  mo de l s  
o f  ph os ph or ou s -M R S pr of i l e s  w i t h in  the  f i r s t  t wo  ho ur s  po s t -
i n ju r y ca n  p re d ic t  t he  e vo l u t i on  o f  i n j u r y s e ve r i t y  ( 14 6) .   
B l o od  b i oma rke r s  ha ve  a l so  sh o wn  p rom is e  t o  p re d ic t  i n ju ry  
s e ve r i t y  a nd  o u tco me .  Al th ou gh  no  b l oo d  b ioma rke r  ha s  e n t e red  
i n to  r ou t ine  c l i n i ca l  u se ,  t h e re  a re  a  n umbe r  w hich  ha ve  s ho wn 
p ro mi se  ba se d  o n  p i l o t  wo rk  i n  s ma l l  c oh or t s .  P ro t e in  m ar ke r s ,  
s uc h  a s  UC H- L1 ,  I L-6  a nd  I L-1 6  a nd  Ac t i v in  A ha ve  bee n  s ho wn 
t o  be  a l t e red  s i gn i f i ca n t l y i n  co rd  b lo od  t a ken  a t  b i r th  i n  ca se s  
o f  h yp o x ic - i scha emic  in j u r y ( 14 7 -14 9) .  In  ad d i t i on ,  G FAP  a nd  
S 1 00 B ha ve  bee n  sh ow n  to  be  r a i sed  s l i gh t l y l a t e r ,  r eac h in g  a  
p eak  a t  24  ho ur s  (1 47 ,  1 50) .  An ima l  a nd ,  mo re  re cen t l y,  hu man  
s t ud ie s  ha ve  sh ow n s i gn i f i ca n t  a l t e ra t io n s  i n  t he  me ta bo l omics  
p ro f i l e  i n  i n fan t s  wi t h  HIE  (1 51 -1 53 ) .  T ran sc r i p tom ic s  ha s  a l so  
b e gun  to  sh o w pr omi se  in  d i f f e r en t i a t i n g  in fan t s  wi t h  pe r i na t a l  
a sp h yx ia  an d  HIE  (1 54 ) .  T he r e  i s  e ve n  s ome  e vi de nce  tha t  
c i r cu l a t i n g  mic ro R N As  i n  ma te rn a l  b l oo d  ma y b e  ab le  t o  d e t ec t  
e v ide nce  o f  h yp o x ia  i n  t he  in t ra pa r tum  p e r i od  ( 15 5) .  O the r  
b o d i l y f l u id s  s uch  a s  u r i ne  an d  C S F ha ve  a l s o  been  the  s ub jec t  
o f  b i oma rke r  d i sco ve r y w o rk  ( 15 6) .  A p re v io u s  me ta -ana l ys i s  by  
R ama s wam y e t  a l .  i n  t h i s  a rea  rep or t ed  ce reb ro s p in a l  f l u id  
n eu ro n -sp ec i f i c  e no la se  a nd  I L-1 β  to  be  po te n t i a l  ma rk e r s  o f  
a bn orma l  ou tc ome  in  su r vi vo r s  (1 5 7) .   
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T h i s  l i s t  o f  no ve l  b iom ar ke r s  i s  b y no  m ean s  e xha u s t i ve  b u t  
g i ve s  a n  i nd ica t i on  o f  t h e  p r oac t i ve  r e s ea rc h  o n -go i n g  i n  t h i s  
g r o wi n g f i e l d .  In  t he  fu t u r e  o ne  o r  a  c om bina t io n  o f  t h e se  
ma rke r s  ma y he lp  to  o f fe r  ea r l y,  r a p id  a nd  re l i ab l e  i de n t i f i ca t i on  
o f  i n fan t s  s u i t a b l e  f o r  ne ur o -p ro t ec t i ve  i n t e r ve n t i on  an d  ma y  
a l s o  p ro v id e  f u r t he r  i n s i gh t  i n to  t he  com ple x  b i och emica l  




P r ed i c to r s  o f  
O u tcom e  
P ro s  C o ns  
St and ard    
A cid -Ba s e  
Ba l a n c e  
W ide ly av a i la b le  
t e st ,  c an  be  
m ea sured  e ar ly  b y 
sc a lp  a nd c ord  
sa mp l in g  
C ann ot  d i f f erent ia te  
de gr ee  o f  seve r i t y  o f  
in j ur y,  inv a s ive  
te st in g  
p H R e sp ond s  ea r ly  to  
H I   
Lo w P P V for  
a b nor ma l  ou tcom e  
L a ct a t e  Bet ter  re f l ec t s  
m eta bo l ic  
m ech an ism 
N o adv ant a ge  over  
p H  
A p ga r  S co r e  Q u ic k  a sse ssment  o f  
n eon ata l  co nd it ion  
a t  b ir th ,  no n -
in va s ive  
H ig h inter -ob serv er  
v ar iab i l i t y ,  poor  
p red ic t or  o f  lon g -
te rm out com e  
C l i ni ca l  
E xami na t i o n  
N on - inv a s ive ,  go od 
to  t r ac k c ha ng e s  in  
c l in i ca l  s ta te  a s  
in j ur y e vo lv e s ,  
p red ic t ive  a t  
d i sc har ge  
R eq u ire s  c l in ic a l  
e xp er ienc e ,  a f fe c ted  
b y  in tu bat ion  a nd 
m ed ica t ion s  a nd 
h y pot her mia ,  poor  
p red ic t or  o f  lon g -
te rm out com e  
EE G/ aEE G e ar ly  pred ic t ive  
v a lue  i f  nor ma l ,  
v a lue  o f  su bc l in ic a l  
se izu re  d etec t io n ,  
n on - inv a s ive  
R eq u ire s  re so urce s ,  
eq u ipme nt  t o  ap p ly,  
c l in i ca l  ex per t i se  to  
in t erp re t  
N ove l    
H RV Dif fer ent ia te s  
se ver i t y  o f  H IE ,  
n on - inv a s ive  
R eq u ire s  spec ia l i s t  
eq u ipme nt  
M RI/ MR S Sp ec i f ic  pat te rn s  o f  
in j ur y a id  
p ro gn os i s ,  ear ly  
c han g e s  ap par ent  
R eq u ire s  spec ia l i s t  
eq u ipme nt ,  req u ire s  
t r an s fer  o f  s ic k  
in fa nt  t o  M R I 
m ac hine /de pa r tme nt ,  
re qu ir e s  in fa nt  t o  
re ma in  st i l l  fo r  
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p ro lo n ged per iod s  
Bio ma rk er s  V er y  pr om is in g  in  
p i lo t  s t ud ie s  
N one  v a l idat ed  for  
c l in i ca l  u se  
S e r u m R ef lec t s  sy ste m ic  
b ioch em ic a l  s t a te  
M ixed  m ar ker s  f ro m 
ce re bra l  a nd  o ther  
or g an  d y sf unct ion ,  
o n ly  sm a l l  vo lume s  
a va i la ble ,  inv a s iv e  
te st in g  
C o rd  b l oo d  L ar ge  vo lume s  
p o ss ib le ,  av a i la b le  
e ar ly  
M ixtu re  o f  F oet a l  
a nd  p lacent a l  b lo od   
C S F   R ef lec t s  c ere bra l  
m ar ker s  
V er y  d if f icu l t  to  
sa mp le  
U ri n e  R e lat ive ly  ea sy t o  
sa mp le  b ut  
de pe nden t  o n  ur in e  
o ut put  
A ffe c ted  b y  
s ig n i f ica nt  r en a l  
d i se a se  
   
P ro te omi c s  R e lat ive ly  s t ab le  
a nd  ea sy  to  t e st  
R eq u ire s  spec ia l i s t  
eq u ipme nt ,  re spon se  
to  in ju ry  m a y be  
de la yed  
M et abo lom i cs  R a p id ly  r espo n s ive  
to  ch an ge s  in  
b ioch em ic a l  s t a te   
R eq u ire s  spec ia l i s t  
eq u ipme nt ,  h igh ly  
se n si t ive  to  
e nv iro nm ent a l  
f ac to r s  
T ra n s c r ip tomi c s  I n vo lve d  in  c r i t ic a l  
p roce sse s  o f  c e l l  
c yc le  a nd  ce l l  d eat h ,  
v er y st ab le  
R eq u ire s  spec ia l i s t  
eq u ipme nt ,  mo st  
m ar ker s  a re  
co mp le te ly  nov e l  and  
d i f f ic u l t  t o  id ent i f y ,  
th e y ma y a l so  
re g u la te  mu lt ip le  
p at hw ay s  
 
T a ble  1 . 2 :  P red i c to r s  o f  Ou tcom e .  T h e  c ur r e n t  s t a nd a rd  to o l s  a nd  
t h e  no v e l  em e r g i n g  t e c h n iq u e s  to  p r ed i c t  o u t co m e  i n  p e r i n a t a l  
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a s p h yx i a  a r e  o u t l i n ed  w i t h  th e i r  r e sp e c t i v e  ad v a n t a g e s  a nd  
d i s ad v a n t a g e s .  H I :  h yp o x i a - i s c h ae m i a ,  E E G :  e l e c t ro e n c ep h a lo g r ap h ,  
a E E G :  am p l i t ud e - i n t e g r a t ed  e l e c t ro e n c ep h a lo g r ap h ,  H R V :  h e a r t  r a t e  
v a r i ab i l i t y ,  M R I :  m a g ne t i c  r e so n a n c e  im a g i n g ,  M R S :  m a g n e t i c  
r e s o n a nc e  sp e c t ro s co p y ,  H IE :  hy p o x i c - i s c h a em i c  e nc ep h a lo p a t h y ,  






1 .4  Clin ica l Assessment o f  HIE  
1 . 4 . 1  HIE  a nd  the  u se  o f  t e rmi no lo gy  
N eo na ta l  enc ep ha lo pa t h y (N E)  i s  “a  c l i n i ca l l y  de f ine d  s yn d ro me  
o f  d i s t u r be d  neu ro lo g ica l  f unc t io n  in  t he  ea r l i e s t  da ys  a f t e r  b i r th  
i n  t he  t e rm in fan t ,  man i fe s t e d  b y d i f f i cu l t y  w i th  i n i t i a t i n g  a nd  
ma i n t a i n i n g  re s p i r a t io n ,  d ep re s s i on  o f  t on e  a nd  r e f l e xe s ,  
s u bn or ma l  l e ve l  o f  c on sc i ou s nes s  an d  o f t e n  se i zu re s”  (2 7) .  Th i s  
d e f i n i t i on  i s  h o we ve r  b roa d  and  i nc l ude s  n on -a sp h yx ia l  ca u ses  
o f  e nce pha lo pa th y s u ch  a s  me tab o l i c ,  de ve lo pme nta l  an d  
e s t a b l i sh ed  s t r uc tu ra l  b ra in  a bno rma l i t i e s .  
C o ns ide rab l e  de ba te  su r r ou nd s  t he  u se  o f  t he  t e rmi no l o gy o f  
‘ ne ona t a l  e ncep ha l opa t h y’  (N E)  an d  ‘h yp o x ic - i sc haemic  
e ncep ha l opa t h y’  ( HIE )  pa r t i c u l a r l y i n  t he  c l i n i ca l  s phe re  ( 90 ,  
9 1) .  E xpe r ime nta l  s t ud i e s  i n  a n ima l  mo de l s  a r e  ab l e  t o  c a re fu l ly  
m ode l  i n j u r y  b y c o n t r o l l i n g  t he  t yp e  a nd  t im in g  o f  i n j u r y  
t h r ou gh  h yp o xic  ( s uc h  a s  r e duce d  o x yge n  ex po s ure ) ,  h yp o x ic -
i sc haemic  ( s uch  a s  u n i l a t e ra l  ca ro t id  l i ga t io n)  an d  a sp h yx ia l  
( s uch  a s  p l acen ta l  d i s ru p t io n)  me t ho do l o g ie s .  In  p r ac t i c e ,  HIE  i s  
a  s ub se t  o f  NE (9 6) .  Ho we ve r ,  u s in g  c l i n i ca l  c r i t e r i a  a l one ,  we  
a re  o f t en  u nab le  t o  i de n t i f y a  s pec i f i c  ae t i o lo gy f o r  t he  
e ncep ha l opa t h i c  s t a t e  o f  an  i nd i v id ua l  neo na te .  The  p r op or t ion  
o f  N E a t t r i bu ta b le  t o  a n  a s ph yx ia l  cau se  ha s  n o t  bee n  ea s y to  
q ua n t i f y e s pec i a l l y  a s  a  n um ber  o f  c on fo un d in g  fac t o r s  can  a l t e r  
o r  exa gge ra t e  t he  in fa n t ’ s  c l i n i ca l  p re se n ta t i on  ( 26 ,2 7 , 15 8) .  
E v ide nce  f ro m a n ima l  m ode l s  o f  s pec i f i c  p a t t e r n s  o f  
n eu ro pa th o l o gy,  b i oc hemica l  a l t e ra t io n ,  e l ec t ro gr ap h ic  and  
n eu ro im a gi n g  c han ge s  in  a  w e l l -de f i ned  h yp o xic - i sc haem ic  
i n ju r y a l l ow s  f o r  co r re l a t i o n  wi t h  c l i n i c a l  f i n d in gs  (9 0) .  Wi th  
t h i s  i n  min d ,  t he  t e rm  h yp o xic - i s ch aemic  e nce pha lo pa t h y w i l l  be  
u se d  w here  re l e va n t  i n  t h i s  t he s i s .  Al l  c a se s  de sc r ibe d  a s  s uch  
w er e  r i gor ou s l y d e f i ned  ba sed  o n  de t a i l ed  p r o spe c t i ve  da t a  
c o l l ec t io n  o f  ne ona ta l  c ou r se ,  s t ru c tu red  c l i n i ca l  ex am,  EEG  
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f i n d in gs  a nd  lo n g  t e rm fo l lo w -u p  t o  e xc l ude  o t he r  ca u se s  o f  
n eo na ta l  enc ep ha lo pa t h y s uc h  a s  se p s i s ,  me ta bo l i c ,  ge ne t i c  e t c .  
As  s u ch  e ve r y e f f o r t  ha s  been  mad e  t o  en su re  t ha t  HIE  i s  t h e  
a pp ro pr i a t e  d i a gno s i s .    
 
T he  fo l l o win g  sec t io n  wi l l  fo cu s  on  re v i e wi n g the  va r io us  
s t a nda rd i se d  f o rm s  o f  ne ona ta l  a s se s sme nt  t ha t  h a ve  been  
a pp l i ed  t o  t h e  ph ys i ca l  exami na t i on  o f  i n f an t s  f o l l o wing  
p re su med  h yp o xi c - i sc haemic  i n ju r y.   
 
1 . 4 . 2  N eo na ta l  a s se s sme nt  
C l in i ca l  a s se ss ment  o f  t he  ne ur o lo g ica l  c on d i t i on  fo l l o wing  
Fo e t a l  d i s t r e s s  ha s  on l y e me r ged  in  a  s t a nda rd i se d  f o r m in  recen t  
d ecad es .  I t  ha s  ho we ve r  ea rned  g rea t  i n t e re s t  a s  t o  w he t he r  a  
r e l i a b l e  p r o gno s i s  ca n  be  d e t e rmi ned  a t  a n  ea r l y s t a ge .  Ac u te l y  
w e  n eed  a n  acc ura t e  ea r l y p r ed ic to r  o f  s e ve r i t y  an d  l i ke ly  
o u tc ome  to  de t e rm ine  th e  u se f u l ne ss  o f  com menc i ng  
i n t e r ve n t io n s  su ch  a s  t he rap eu t i c  h yp o the rmia  wi th i n  t he  c r i t i c a l  
s i x  ho ur  wi nd ow  be f ore  sec on da r y n e ur o n a l  dama ge .  We  can  see  
i n  c l i n i ca l  p rac t i ce  t ha t  pa re n ta l  co nce r n s  a t  t h i s  t ime  in  t he i r  
i n fa n t ’ s  l i f e  na tu ra l l y  ce n t re  a r ou n d  su r vi va l  i n  t he  f i r s t  i n s t ance  
b ut  t hen  p r ocee ds  t o  a p pr ehe ns io n  ab ou t  w ha t  t he  de ve l opme nta l  
o u tc ome  wi l l  be ,  b o th  mot or  a nd  co gn i t i ve ,  so  i d ea l l y  ea r ly  
a s se s smen t  s ho u ld  a l s o  p r ov i de  l o n ge r  t e rm  p ro gn o s t i c  
i n f o rma t io n .   
N eu ro lo g ica l  e xami na t i on  o f  t he  n eo na te  ha s  been  a n  e vo l v ing  
s c i e nce .  Whi l e  o bs e r va t i on s  b y An d re -Th oma s  i n  Pa r i s  i n  1 960  
h i gh l i gh te d  the  c on sp icu ou sn es s  o f  ne ur o lo g ica l  s i gns  
o r i g ina t in g  f rom  b ra i n s t em  ac t iv i t y  i n  t he  t e rm  n eo na te ,  Sa rna t  
s w i t c hed  t he  f ocu s  t o  t h o se  neu ro lo g ica l  s i gn s  th a t  r e f l ec t  t he  
u p pe r  c or t i c a l  co n t r o l  s ys t ems  o n  the  b as i s  t ha t  t he  ma in  
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l oca t i on  o f  b ra in  dama ge  in  t h e  ne ona te  i s  ac tua l l y  t h e  c e re bra l  
h emi sp he r e s  ( 78 ,  1 59 ) .  As  a  c on se que nce  o f  t he se  c l i n i c -
p h ys i o l o gic a l  co r re l a t e s ,  m ore  em pha s i s  i s  p u t  on  s i gn s  tha t  
d epe nd  on  u ppe r  s t r uc tu re s  s uc h  a s  pa s s i ve  a nd  ac t i ve  t one  i n  t he  
a x i s ,  a l e r t ne ss  t e s t ed  b y v i s ua l  f i xa t io n  an d  p ur su i t ,  a nd  c ran i a l  
s i gn s  l i n ke d  t o  t he  vo l ume  in c r e a se  o f  ce reb ra l  h emi sp he r e s  a t  
t he  ex pe ns e  o f  s i gn s  dep en d in g  o n  b ra i n s t em  f un c t io n ,  s uch  a s  
p r ima r y r e f l e xe s  a nd  p as s i ve  to ne  in  l im b  f l e xo r  m u sc le s  (1 60 ) .   
T o  da t e  a  s i n gle  n eo na ta l  ne uro lo g ica l  a s se ss ment  ha s  n o t  bee n  
s h o wn to  cor re l a t e  we l l  w i th  ou tc ome  e s pec i a l l y  s i nce  the  ad ven t  
o f  ne ur o -pr o t ec t i ve  in t e r ven t io n .  Ra th e r  se r i a l  m ea su reme nt s  a nd  
t i me  t o  rec o ve r y s eem  to  be  m ore  he lp fu l  whe n  i t  c ome s  to  
p ro gn o s i s  a s  d i sc u s sed  be l o w .  T he  i dea l  ne on a ta l  ne ur o lo g ica l  
a s se s smen t  i n  t he  co n te x t  o f  t he  i n fa n t  wi th  pe r ina t a l  a sp h yx ia  
m u st  be  qu ick ,  ea s i l y  re pr od uc i b l e  am on g  d i f fe re n t  a s se s so rs ,  
a pp l i cab l e  t o  an  i n fa n t  wh o  i s  ve n t i l a t ed  an d  seda ted ,  an d  e a s i ly  
t r ack s  ch an ge s  i n  f i n d in gs  a nd  t imi n g .   
 
1 . 4 . 2 . 1  Ea r l y N eo na ta l  As s e ss ment s  
Ea r l i e r  i n  t he  e vo l u t i on  o f  t he  s t an da r d i se d  ne ona ta l  
n eu ro l o gi ca l  a s se s smen t ,  Bra ze l t on  a nd  P rech t l  c r ea t e d  me t ho ds  
w h ich  a d va nced  t he  s tu d y b u t  a l s o  req u i r ed  c on s i de ra b le  c l i n i ca l  
e xpe r t i se  a nd  were  qu i t e  i n vo l ve d  an d  t ime  i ne f f i c i e n t .  In  19 73  
Br a ze l to n  de ve lo ped  a  me t ho d  b as ed  o n  t he  in t e rac t io n  o f  t he  
i n fa n t  an d  t he  ca r e t ak e r  l o ok in g  a t  be ha vi ou ra l  i t em s  suc h  a s  
r e s po n se s  t o  au d i t o r y,  v i s ua l ,  t a c t i l e  an d  pa in fu l  s t i mul i  a nd  a t  
mea s ure s  o f  i r r i t ab i l i t y  a nd  co n so lab i l i t y  ( 16 1) .   
 
In  1 97 7 ,  Pre ch t l  de ve l op ed  an  e xami na t i on  h i gh l i gh t i n g  t ha t  
ma n y o f  t he  neu ro l o g ica l  s i gn s  we re  ve r y de pen den t  o n  th e  
b eha v io ur a l  s t a t e  o f  t h e  ne w -b orn  a t  t he  t ime  o f  e xami na t i on .  He  
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a l s o  de ve lo ped  a  m e th od  f o r  a ss e s s in g  t he  “ ge ne r a l  m o ve ment s”  
o f  an  in f an t  p r o vi n g  t ha t  a n  a s s e s smen t  o f  m ot i l i t y  ca n  be  a  
u se fu l  d i a gno s t i c  a nd  p r o gno s t i c  t o o l  t o  be  u sed  in  co n ju nc t i on  
w i t h  a  mo re  s t ruc t u r ed  neu ro lo g ica l  exa mina t io n  ( 16 2 ,  16 3) .  
Bu r ge r  e t  a l  2 00 9  p e r fo rmed  a  s ys t e ma t i c  r e v i e w l oo k in g  a t  t he  
p re d ic t i ve  va l i d i t y  o f  Pre ch t l ’ s  ge ne ra l  m o ve ment s  an d  f ou nd  
e v ide nce  f rom  1 5  s t ud ie s  o f  a  h i gh  re l a t i o n sh i p  ( sen s i t i vi t y  ≥  
9 2% ;  s pec i f i c i t y  ≥  8 2%;  p< 0 . 01 )  be t wee n  th i s  neo na ta l  
a s se s smen t  a nd  neu ro de ve lo pmen ta l  o u tco me  a t  12  t o  2 4  m on ths  
( 16 4) .   
 
1 . 4 . 2 . 2  D u bo wi t z  
T he  Du bo wi t z  ex amina t io n  o r i g ina l l y  com pi l e d  i n  1 98 0  a nd  
u p da ted  in  19 98  a t t emp ted  t o  ad dr e s s  s ome  o f  t he  p ro b lem s  o f  
ea r l i e r  t e s t s  i n  o r de r  t o  de ve l op  a n  a s se s sm e nt  t ha t  wa s  s u i t a b l e  
f o r  ro u t i ne  u se ,  co u ld  be  pe r f o r med  qu ic k l y a n d  wa s  
r ep ro duc i b l e  am on g  re l a t i ve l y  in ex pe r i e nce d  a s se s s or s  ( 16 5 ,  
1 6 6) .  I t  wa s  a l s o  m ore  su i t ed  to  i n fan t s  w ho  were  ve n t i l a t ed  and  
u n de r go i n g  in t en s i ve  c a re .  Rec or d  fo rm s  wi t h  d i a gram s  w ere  
d e ve l op ed  an d  s o  a l l ow  t he  e xami na t i on  to  be  rep ea t e d  a t  
d i f fe re n t  s t a ge s  o f  ca re  a nd  by d i f fe ren t  s t a f f .  I t  i nc lu de s  an  
a s se s smen t  o f  s t a t e  a nd  an  op t io n  to  re cor d  a s ymm et r y.  I t  
d i f fe re n t i a t e s  i t e ms  t o  be  pe r fo rme d  w hen  th e  i n fa n t  i s  i n  t he  
q u ie t / s l eep  s t a t e  an d  in  f u l l y  aw ak e  s t a t e s  an d  can  be  ad ap te d  i n  
i t s  s eq uence  to  t he  s t a t e  o f  t he  ba b y.  Man y i t em s  a re  a l s o  a ge  
d epe nde n t  t hu s  a l l o win g  f o r  i t s  a dap t a t io n  t o  t he  p re t e rm  i n fa n t .  
I t  ha s  e s t ab l i s hed  c omm on  c l i n i ca l  pa t t e rn s  o f  s i gn s  f o r  
i n t ra ve n t r i cu l a r  haem or rh a ge ,  pe r i ven t r i c u l a r  l e uk omala c i a ,  
c e reb ra l  i n fa rc t io n  a nd  h yp o xic - i sche mic  e nce pha l op a th y  ( 1 20 ,  
1 6 5) .  T he  Du bo wi t z  e xami na t i on ,  n o w of t en  re fe r re d  to  a s  t he  
Ha mme r smi t h  In fa n t  Ne ur o l o gica l  E xami na t i on  ( HIN E) ,  ha s  
a l l o wed  c l i n i ca l  ex am in a t io n  to  be  re l a t ed  to  MR I  o u tc ome s  in  
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HIE  ( 1 67 ) .  In fan t s  wi t h  a  n orma l  M R I  o r  min ima l  c han ge s  t end  
t o  ha ve  o n l y m in or  t one  a bn orma l i t i e s  a f t e r  t he  f i r s t  wee k  o f  
l i f e .  In f an t s  w ho  h a ve  d i f f u se  w h i t e  m a t t e r  c han ge s  bu t  sp a red  
b as a l  ga n g l i a  i n  t he  f i r s t  wee k  were  h yp o t on ic ,  had  s ome  
d i f f i cu l t y  i n  s uck in g  an d  sh ow ed  d i min i s hed  a l e r tne s s .  Th ey  
t e nde d  to  re co ve r  b y t he  en d  o f  t he  neo na ta l  pe r i od  ge ne r a l ly  
o n l y s h ow in g  mi l d  ab no rma l i t i e s  o f  m o ve ment s  an d  hea d  a nd  
l i mb  t one .  In  c on t ra s t ,  i n fan t s  w i t h  ba sa l  gan g l i a  l e s i on s  a l ways  
s h o wed  pe r s i s t en t  a nd  d i f f us e  n eu ro l o gi ca l  a bn orma l i t i e s ,  
i nc lu d i n g  a bn orma l i t i e s  o f  t o ne ,  mo veme nt s ,  f e ed i n g  a nd  
a l e r t ne ss  ( 12 0 ,  1 62 ) .   
 
1 . 4 . 2 . 3  S ar na t  c l a s s i f i ca t i on  
In  1 97 6 ,  Sa rna t  a nd  Sa rna t  r ep or t e d  th ree  d i s t i nc t  c l i n i ca l  
“ s t a ge s”  o f  p o s t  an ox ic  e ncep ha l opa th y i n  a  c oh or t  o f  21  
n eo na te s .  T he se  s t a t e s  w ere  d i f fe ren t i a t e d  un de r  t he  hea d in gs  o f  
l e ve l  o f  c on sc i ou s ne s s ,  n eu rom us cu la r  c on t r o l  ( i nc l ud i n g  m u sc le  
t one  an d  p o s tu re ) ,  r e f l exe s ,  au to nom ic  f unc t io n ,  se i zu re s  a nd  
EE G f in d in gs .  S t a ge  o ne  wa s  ch a rac t e r i se d  b y h yp e r  a l e r tne s s ,  
d i s t a l  f l ex i on ,  we ak  suc k  b u t  o th e r wi se  ge ne ra l l y  i n t ac t  r e f l exes ,  
ge ne ra l i se d  s ym pa t he t i c  o ve rdr i ve ,  ab se nce  o f  se i zu re s  and  
ge ne ra l l y  n o rma l  EE G f i nd i n gs .  S t a ge  t wo  ma ni f e s t s  a s  l e tha r gy,  
mi ld  h yp o t on i a ,  wea kene d  r e f l e xe s ,  pa ra s ym p a the t i c  o ve r dr i ve ,  
s e i zure s  a nd  a bn orma l  EE G  fea tu re s  suc h  a s  l o w  vo l t a ge  ac t i v i t y  
a nd  lo s s  o f  s l eep -w ake  c yc l i ng .  The  m o st  s e ve re  s t a ge  t h ree  
i n vo l ve s  s t up or ,  f l a cc i d i t y ,  p re domi na n t l y ab se n t  r e f l e xes ,  
d ep re ss ed  a u to nom ic  s ys t em  a nd  a n  EE G w i th  i nc r ea s ing  
i s oe l ec t r i c  p ha se s .  The y a l so  ob se r ved  t ha t  p e r s i s t e nce  o f  m ore  
s e ve re  s t a ge s  co r re l a t e d  wi t h  a  p o ore r  ou tcome .  Th i s  ob se r va t ion  
h as  b een  re pea t e d l y c on f i r med  in  l a t e r  s tu d ie s  (7 8) .   
Wh i l e  t he  o r i g i na l  Sa rna t  s t ag i n g  s ys t e m wa s  ba se d  on  the  
o b se r va t i on s  o f  a  sma l l  co ho r t ,  t he  u se  o f  t h i s  s t a gi n g  s ys t em  or  
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i t s  mo di f i ed  sco re  ha s  be en  rep l i ca t e d  in  mu l t ip l e  s t ud ie s  o ve r  
ma n y d eca de s  ( 16 8) .  I t s  va l id i t y  h a s  been  e s t ab l i s he d  b y i t s  
a pp l i ca t i on  in  b o th  re sea rch  an d  c l in i ca l  p ra c t i ce ,  t ho u gh  t he  
b es t  t imi n g o f  i t s  u se  a nd  ho w of t e n  i t  s ho u ld  be  r ea sse s se d  i s  
s u b jec t  t o  deba te  (7 8) .   
T he  Sa r na t  sc or in g  s ys t em  app ea r s  t o  be  m os t  u se fu l  a t  t he  
e x t re me s  o f  mi ld  a nd  se ve re  s t a t e s  b u t  ou r  a b i l i t y  t o  p red ic t  
o u tc ome  i n  t h o se  w i th  a  m ode ra t e  Sa rna t  g ra de  i s  l e s s  c l ea r ,  wi th  
a pp ro x ima te l y 4 0%  o f  i n f an t s  h a vi n g  d i f f i cu l t i e s  i n  l a t e r  l i f e  
( 12 1) .  
 
1 . 4 . 2 . 4  T hom p so n  
T he  T ho mp so n  sc or in g  s ys t em w a s  de ve lo ped  a t  Gro o te  Sch uur  
Ho s p i t a l  N IC U ,  S ou t h  Af r i ca ,  s pec i f i ca l l y  f o r  t he  ea r ly  
e va lu a t io n  o f  i n fan t s  wi t h  pe r ina t a l  a s ph yx i a  ( 11 9) .  I t  wa s  ba sed  
o n  the  Sa rna t  sc or i n g  s ys t e m bu t  p ur po se l y s i mpl i f i e d  to  ma ke  i t  
a cc es s i b l e  f o r  se r v i ce s  i n  t he  de ve lo p i n g  w or ld .  T he  sc or ing  
s ys t e m  lo ok s  a t  9  p a rame te r s ;  t one ,  l e ve l  o f  c on sc i ou s ne ss ,  
p re se nce  o f  se i zure s ,  po s t u re ,  M or o ,  g ra sp ,  s uc k ,  r e s p i ra to ry  
s t a t u s  an d  fo n ta ne l l e .  Eac h  s i gn  i s  sco red  f r om  0  t o  2  o r  0  t o  3 .  
T he  m axim um  p os s i b l e  sco re  i s  2 2 .   
Wh en  com pare d  wi t h  o u tc ome  a t  on e  yea r ,  de f in ed  a s  c l i n i ca l  
e v ide nce  o f  ce re bra l  pa l s y  o r  a  Gr i f f i t h s  Sca l e s  o f  M enta l  
D e ve lo pme nt  ge ne ra l  q uo t i en t  l e s s  t han  70 ,  t he  sco re  wa s  f ou nd  
t o  b e  p red ic t i ve  o f  ou t come .  T he  be s t  c o r re l a t i o n  wa s  wi t h  p eak  
s co re ;  a  pea k  s co re  o f  1 5  o r  h i ghe r  had  a  p os i t i ve  p r ed ic t i ve  
va lue  o f  92 % a nd  a  ne ga t i ve  p red ic t i ve  va lue  o f  82 % fo r  
a bn orma l  ou t come ,  wi th  a  sen s i t i v i t y  a n d  s pec i f i c i t y  o f  71 % and  
9 6% ,  re s pec t i ve l y  ( 1 19 ) .  E ven  t he  s ho r t - t e rm  va lu e  o f  t he  
T hom p so n  sco re  wa s  su pp or t e d  b y Ho r n ,  2 01 3  (1 69 ) .  T he y fo und  
t ha t  a  Th omp s on  sc ore  g rea t e r  t h an  s ix  a t  t h r ee  to  f i ve  p o s tn a t a l  
h o ur s  p red ic t ed  a n  ab no rma l  s ix  h ou r  aEE G wi th  a  sen s i t i vi t y  o f  
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1 0 0%  an d  a  s pec i f i c i t y  o f  6 7% .  T he  sa me  sc ore  a t  t h i s  t ime -p o in t  
a l s o  p re d ic t ed  mo de r a t e - se ve re  enc ep ha lo pa t h y w i t h in  7 2  h our s  
a f t e r  b i r th  ( sen s i t i vi t y  90 % an d  s pe c i f i c i t y  9 2%) .  T h i s  h i gh l i gh t s  
t he  po t en t i a l  o f  t h i s  s co r in g  sys t e m t o  be  u se f u l  fo r  se l ec t i ng  
ca nd i da t e s  f o r  t he rap eu t i c  h yp o the rmia  w hi l e  s t i l l  wi t h in  tha t  
c r i t i c a l  s i x  h ou r  win do w  a f t e r  b i r t h  ( 16 9) .  The  sam e  gro up  a l so  
h i gh l i gh te d  t he  p o ten t i a l  o f  t he  s co re  t o  se l ec t  t ho se  in fan t s  who  
w i l l  ha ve  a  p oo r  o u tc ome  de s p i t e  c oo l in g .  Th e y f ou nd  t ha t  7 5% 
o f  c oo l ed  i n fa n t s  wh o  h ad  a  Tho mp s on  sc ore  o f  g r ea t e r  t ha n  15  
a t  t h re e  to  f i ve  ho ur s  h ad  a  se ve re l y a bn or ma l  aEE G o r  de a th  a t  
4 8  h ou r s  ve r su s  18 %  o f  i n fan t s  w i t h  a  Th om ps on  sc ore  l e ss  t han  
1 6  (p =0 .0 04 )  (1 70 ) .   
 
1 . 4 . 2 . 5  Am ie l -T i s on  
Am ie l -T i s on  in  1 97 8  d e f i ned  t he  de gree s  o f  ab no rma l i t y  on  
n eo na ta l  e xami na t i on  o f  HIE  i n  a  p r e -c oo l in g  po pu la t i on  a s  
f o l l o w s ;  
•  M il d  a bn orm a l i t y  w a s  co ns i s t en t  wi t h  h yp e r -e xc i t a b i l i t y  
a nd  m i ld  a bn or ma l i t i e s  o f  t o ne .  Re sp on s i vene s s  i s  no rma l  
w i t h  p r i mar y r e f l exe s  i n t ac t .  The re  i s  a n  a b senc e  o f  
s e i zure s  an d  a  va r yi n g  du ra t i on  o f  s ym p tom s .   
•  M o der a t e  ab no rma l i t y  a dd s  d i s tu rb ance  o f  r e sp on s i vene s s 
a nd  p r i mar y r e f l e xe s  t o  a l t e red  to ne .  Th i s  i s  a s soc i a t ed  
w i t h  a  p r o gre s s i ve  cen t ra l  ne r vo u s  s ys t e m ( C N S)  
d ep re ss io n  w hich  i nc r ea se s  t o  l e t ha r gy o r  a  l i gh t  com a 
w i t h in  t he  f i r s t  f ew  da ys .  Re tu rn  t o  no rma l  i n  t he  f i r s t  
w ee k  i s  exc ep t i ona l .   
•  S e ve re  a bn or ma l i t y  i s  c ha rac t e r i sed  b y dee p  co ma  an d 
r epe t i t i ve  se i zure s  ( 11 8) .   
T h i s  s ys t em  c l a s s i f i ed  some  i n f an t s  a s  se ve r e  t ha t  wo uld  h a ve  
b een  c on s i de re d  mo de ra t e  i n  t he  S a r na t  s t a g in g  s ys t em .  The  19 78  
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d e f i n i t i on s  were  u pd a ted  i n  19 86  t o  p r o v ide  a  ne w  ca t e go r i sa t i on  
s ys t e m t ha t  se pa ra t ed  th ree  s t a ge s  o f  ne ona ta l  s i gn s  a nd  
s ym p t om s a nd  s ub d i v ide d  e ach  in to  t wo  l e ve l s  o f  se ve r i t y  ( 1 60 ) .  
S t a ge  one  w as  cha rac t e r i se d  b y h yp e rexc i t ab i l i t y  a nd  mi l d 
a bn orma l i t i e s  o f  t o ne .  T he  s ub d i v i s io n  o f  se ve r i t y  i s  t he  l e n g th  
o f  t ime  the  s ym pt om s a re  p re sen t  wi t h  a  c u t -o f f  po in t  o f  se ven  
d a ys  ba se d  on  o bs e r va t i on s  tha t  whe n  i n f an t s ’  s ym pt om s a re  
r e s o l ved  wi t h i n  s e ve n  da ys  mos t  had  a  no rma l  ou t come .  S t a ge  
t w o  wa s  de f i ned  a s  a  deepe n i n g C NS  de pre s s i on  a s  p re v io us  and  
t he  s ub d i vi s i on  in  se ve r i t y  w as  m ade  be t wee n  i n f an t s  t ha t  d id  
a nd  d i d  n o t  ha ve  se i zu re s .  T he y n o ted  a  t e nd e nc y f o r  t h ose  wi th  
s e i zure s  t o  ha ve  s ome wha t  m ore  C N S  de pr e s s i on  a nd  a  f u r t he r  
d ec re ase  i n  p r imi t i ve  re f l e xe s .  S t a ge  t h re e  wa s  c ha r ac t e r i s ed  by  
d eep  c oma .  Th i s  s t a ge  co n t ra s t ed  wi th  t he  S a r na t  se ve re  s t a ge  by  
b e in g  a s so c i a t e d  wi t h  r epe t i t i ve  se i zu re s  o r  s t a tu s  e p i l e p t i c us  
w h ich  wa s  o f t en  d i f f i c u l t  t o  co n t ro l .  The  se ve r i t y  s u bd i vi s i on  
w a s  made  be t wee n  t he  p re s en ce  o r  ab se nce  o f  b ra in s t em  s i gns ,  
p a r t i cu l a r l y t h e  oc u l o -ve s t ib u la r  r e f l e x  a s  o the r  r e f l e xe s  ma y  b e  
a f fec t ed  i f  t he  c h i l d  i s  on  ve n t i l a to r  su pp or t .  T h i s  s ys t em 
a l l o wed  the  i n fa n t  t o  be  sc ored  f r om  no u ght  t o  s i x  ( no rma l  t o  
s e ve re l y a bn orma l )  i n  t he  fo l lo w in g  man ne r :  0  =  no rma l ,  1  =  
s t a ge  Ia ,  2  =  s t a ge  Ib ,  3  =  s t a ge  I Ia ,  4  =  s t a ge  I Ib ,  5  =  s t a ge  I I Ia ,  
6  =  s t a ge  I I Ib .   
T he  Amie l -T i so n  neu ro lo g ica l  a s s e s smen t  a t  t e rm  ( AT N AT )  has  
b een  de ve l ope d  t o  p r o v ide  a  f r ame wo rk  f o r  o b se r v in g  t he  
d e ve l op ment  o f  co r t i ca l  co n t r o l  i n  i n fa n t s  a t  t e rm .  I t  i s  q u ick ly  
a nd  ea s i l y  a d min i s t e re d ,  e xamin es  fo reb ra i n  f unc t io n  an d  has  
b een  s ho w n to  p r ed ic t  t he  occ ur r ence  o f  C P a f t e r  b i r th  a s ph yx i a  
a t  1 2  to  15  mo nt hs  (1 71 ,  17 2) .  T he  ce n t ra l  t e ne t  o f  t he  AT N AT  
i s  t ha t  t he  s t a ge  o f  ma t ura t io n  o f  t he  t wo  mot or  c on t r o l  s ys t ems  
( s ubc or t i co s p in a l  an d  c or t i co s p i na l )  ca n  be  c l i n i ca l l y  e va lua t ed  
i n  t he  t e rm  i n f an t  (1 73 ) .  M u r ra y e t  a l .  co r r e l a t e d  ea r l y  
n eu ro l o gi ca l  exa mina t io n  i n  HIE  w i t h  neu ro de ve lo pme nta l  
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o u tc ome  a nd  f ou nd  t he  l a t e r  t he  ne ur o lo g ica l  e xami na t i on  i s  
p e r fo rmed  t he  g rea t e r  i t s  p re d ic t i ve  a b i l i t y  e . g  AT N AT  on  da y 3  
( r= 0 . 46 ,  p<0 .0 01 ) .  Ho we ve r ,  be t t e r  c o r re l a t i o n s  w ere  ach ie ved  
w i t h  exami na t i on  a t  d i sch a r ge  ( a  no n -s t ruc tu red  c l i n i ca l  e xam)  
a nd  Sa r na t  sc or e  wi t h  24  mo nt h  o u tc ome s  (1 21 ) .   
T he  Amie l -T i so n  ne ur o l o gic  a s se s smen t  a ime d  to  i mp ro ve  
c l i n i ca l  acc ura c y b y a  s im pl i f i e d  sco r i n g s ys t em .  I t  f ocu se d  on  
t he  mo st  me an i n gfu l  i t em s  tha t  r e f l ec t  dama ge  o f  c o r t i ca l  co n t ro l  
p a th wa ys .  I t  a l s o  fac i l i t a t e d  o ve r vi e w  o f  c l i n i ca l  p ro gre s s i on  in  
t he  t e r m i n f an t  b y c l u s t e r i n g s i gn s  an d  s ym p tom s  u nde r  t h e  
f o l l o win g  he ad i n gs :  c ra n ia l  a ss e s smen t ,  neu ro se n so r y fu nc t i on  
a nd  s po n ta neo u s  m ot or  ac t i v i t y  du r i n g  the  a s se s sment ,  pa s s i ve  
m u sc le  t o ne ,  ax i a l  mot or  ac t i vi ty ,  p r imi t i ve  re f l exe s ,  pa l a t e  and  
t on gue ,  a dap ted ne s s  t o  ma nipu la t i on s  du r in g  the  a s se s sme nt ,  
f eed i n g  a u to no m y,  me dica l  s t a t u s  a t  t he  t ime  o f  a s se s sme nt ,  
u nf a vou rab l e  c i rcu ms tance s  a t  t he  t ime  o f  e xami na t i on  and  
c ompl emen ta r y i n ve s t i ga t i on s  a l on g  w i th  a  me t ho d  fo r  
s yn t h e s i s in g  da t a  f o r  t he  t e rm neo na te  o r  t he  p r e t e rm  in fan t  






1 .5  Assessment o f  Outcome in per ina ta l  asphyx ia  
M ea su reme nt  o f  neu ro de ve lo pme nta l  ou tcome  in  c l i n i ca l  an d  
r e s ea rc h  en v i r on ment s  p re sen t s  a  num be r  o f  c ha l l e n ges .  
Ho w e ve r ,  a s  e vi denc ed  ab o ve ,  o u tc ome  i s  ou r  m ark e r  fo r  
i n t e r p r e t in g  th e  e f fec t i vene s s  o f  a n y i n t e r ve n t i on  a pp l i ed  i n  t he  
n eo na ta l  pe r i od .  T he  ch o ice  o f  a s s e s smen t  depe nd s  h u ge l y o n  t he  
q ue s t i on  t ha t  nee ds  t o  b e  a n sw ere d .  C on ven t io na l l y  
n eu ro de ve lo pmen ta l  o u tc ome  i s  mea s ure d  a t  a pp ro x ima te l y two  
ye a r s  o f  a ge  f o l l ow in g  pe r in a t a l  r i sk  fac t o r s .  The  go l d  s t a nda rd  
i s  a  s t an da rd i se d  admi n i s t e red  neu ro de ve lo pme nta l  t e s t  t ha t  
c o ve r s  mot or ,  l an gua ge  a nd  cogn i t i ve  d oma i n s .  As s e ss ment  a t  
t h i s  a ge  can  be  l en g th y a nd  c ha l l en g i n g .  Fe w  a s se s sme nt s  h a ve  
b een  s t an da r d i sed  an d  va l id a t ed  i n  l a t e  i n fa nc y/e a r l y c h i l dh ood  
b u t  t he  m o st  c omm onl y u se d  a re  t he  Ba yl e y an d  Gr i f f i t h s  Sca l e s  
( 8 ) .   
 
1 . 5 . 1  Ba yl e y S c a l e s  a nd  Gr i f f i t h s  Sc a l e s  
T he  Ba yle y S ca l e s  o f  In fa n t  a nd  To ddl e r  De ve l opme nt ,  n ow  in  
i t s  t h i r d  e d i t i on  ( BS ID -I I I ) ,  ha s  bec ome  the  m ore  p op u la r  o f  t he  
t w o  admi n i s t e red  a s se s sme nt s  ( 17 4) .  A de sc r ip t io n  o f  t he  
s t ruc t u re ,  de ve lo pmen t  an d  c ha l l e n ge s  o f  t h i s  a ss e s sm ent  can  be  
f ou nd  i n  Cha p te r  fo ur .  He re  I  w i l l  g i ve  a n  o ve r v i e w of  t he  
a l t e r na t i ve  a ss e s sm ent  op t io n  fo r  t h i s  a ge  g r ou p ,  t he  Gr i f f i t hs  
S ca l e s .   
T he  Gr i f f i t h s  S ca l e s  c on s i s t s  o f  t w o  se t s  o f  sca l e s :  o ne  f o r  
c h i ld re n  a ged  n ou ght  t o  t wo  ye a rs  a nd  an o the r  fo r  c h i l d re n  a ged  
t w o  to  e i gh t  ye a r s .  Wi t h i n  the  no u gh t  t o  t w o  yea r s  s ca l e s  a  
p ro f i l e  i s  o b ta i ned  f rom the  ad min i s t ra t i on  o f  f i ve  s ub sca l e s  
e xami n in g  l ocom ot or ,  pe r so na l - s o c i a l ,  l a n gua ge ,  e ye -an d -hand  
c oo rd i na t i on  an d  p e r fo rmanc e .  S u b sca l e s  a re  sc or ed  se pa r a t e l y  
a nd  s ub -q uo t i en t s  can  be  ca l c u la t e d  fo r  eac h ,  o r  a  t o t a l  
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d e ve l op ment a l  q uo t i en t  wi t h  a  mea n  o f  1 00 ,  s t a nda rd  de vi a t ion  
o f  13 ,  c an  be  de r i ve d .  T he  Gr i f f i t h s  Ba b y S ca le s  wa s  o r i gi na l l y  
d e ve l op ed  in  1 95 4  bu t  un de r wen t  r e vi s i on  i n  19 96  ( 17 5) .  T h i s  
w a s  d es i gned  fo r  i n fa n t s  up  t o  t w o  ye a r s ,  w hi l e  t he  ex t e nd ed  
s ca l e s  wa s  i n t ro duce d  i n  1 97 0 ,  fo r  ch i ld ren  f r om t w o  to  e i gh t  
ye a r s  o f  a ge .  Th i s  l ac k  o f  co n t in u i t y  o f  n orm s  f o r  admi n i s t ra t i on  
a ro un d  t wo  yea r s  o f  l i f e  mak es  i t  l e s s  a t t r ac t i ve  fo r  c l i n i c a l  a nd  
r e s ea rc h  p ro gra mme s  t ha t  c on duc t  t he i r  f o l l o w -up  a s se s sme nt s  a t  
t h i s  t ime -po in t .  The  Gr i f f i t h s  S ca l e  ha s  had  mi xed  suc ce ss  fo r  
p re d ic t i on  o f  l a t e r  pe r f o rman ce .  Bo wen  e t  a l .  l o oke d  a t  
Gr i f f i t h s ’  pe r fo rman ce  a t  o ne  an d  th ree  ye a rs  a nd  com par ed  w i t h 
IQ  a t  f i ve  ye a r s  i n  a  co ho r t  o f  e x t reme l y l ow  b i r th  w e i gh t  
i n fa n t s .  Sc ore  a t  o ne  yea r  wa s  p o or l y c o r re l a t ed  wi th  f i ve  ye a r  
i n t e l l i ge nce  b u t  Gr i f f i t h s  sc or e  a t  t h ree  ye a r s  c or re l a t e d  qu i t e  
w e l l  (1 76 ) .  Ba r ne t t  e t  a l .  l oo ked  a t  t he  p re d ic t i ve  va lu e  o f  t he  
Gr i f f i t h s  i n  a  co ho r t  o f  i n fa n t s  w i t h  ne on a ta l  e nce pha l op a th y a nd  
f ou nd  tha t  a  po or  sc ore  a t  one  a nd /o r  t wo  ye a r s  wa s  a  good  
p re d ic t o r  o f  im pa i r ment  a t  sc hoo l  a ge  bu t  a  no rma l  sc or e  i n  t he  
ea r l y ye a r s  co u l d  n o t  p rec lu de  l a t e r  ne ur o lo g ica l ,  p e rce p t ua l -
m oto r ,  o r  c o gn i t i ve  ab no rma l i t i e s  (1 77 ) .   
Gr i f f i t h s  I I I ,  t he  ea ge r l y a wa i t ed  re - s t an da r d i sa t i on  o f  t he  
Gr i f f i t h s  a s se ss ment ,  w as  a nn ou nce d  in  2 01 6  (1 78 ,  1 79 ) .  Th i s  
l a t e s t  ve r s io n  ha s  un de r go ne  e x ten s i ve  rede s i gn  a nd  re -
s t a nda rd i sa t io n .  I t  wi l l  c a t e r  fo r  a dmin i s t ra t i o n  t o  c h i l d re n  f r om 
b i r t h  t o  s ix  yea r s  wi th ou t  t he  p re v i ou s  se pa ra t io n  o f  norm s  
a ro un d  t w o  ye a r s .  T he re  wi l l  b e  f i ve  ad min i s t e re d  su b sca l e s ;  
f ou nd a t io n s  o f  l ea r n i n g ,  l an guage  an d  com mu nica t i on ,  e ye  and  
h an d  c oo rd i na t i on ,  pe r s ona l / s oc i a l -em ot i ona l  an d  g r o s s  m otor .  






1 .6  Cogni t ive Deve lopment in  Chi ldren  
In t e re s t  i n  t he  co gn i t i ve  de ve lop ment  o f  c h i l d re n  i s  a  r e l a t i ve l y  
r ecen t  p hen ome no n .  T he  l a s t  c e n t u r y s aw a  s u r ge  in  
p s yc h o l o gic a l  t h eo r y c onc e r n in g  t he  p ro ce ss e s  b y w hic h  ch i ld ren  
d e ve l op  i n t e l l e c tua l l y .  T he se  th eo r i e s  ha ve  had  a  s i gn i f i c an t  
im pac t  o n  ch i l dh oo d  ed uca t i on  an d  pa r en t i n g .  Ho w e ve r ,  i t  i s  
o n l y s i nce  t he  ad va nceme nt  o f  m olecu la r  gene t i c s ,  fu nc t i ona l  
n eu ro im a gi n g  a nd  e l ec t ro ph ys i o lo g ica l  t e c hn iq ue s  t ha t  t ho se  
t heo r i e s  ha ve  s t a r t e d  to  be  l i nk ed  to  t he  ne uro b i o lo gy o f  t he  
t yp ic a l l y  de ve l op i n g  an d  t he  a bn or ma l  b ra i n .  The  eme r gin g  
r e s u l t s  f ro m th i s  wo rk  ha ve  m ul t i d i sc i p l ina r y a pp l i ca t i on s  i n  
e l uc i da t i n g d i sea se  p r oce s se s ,  i den t i f yi n g  op t i on s  fo r  t he r ap y  
b o t h  i n  neu ro sc i ence  a nd  in  c l i n i ca l  ps yc h o l o gy a nd  g i vi ng  
i n s i gh t  i n t o  ho w  each  o f  u s  p r oce s s  t he  w or ld  a r ou nd  u s .   
In  t h i s  sec t i on  I  wi l l  d i sc u s s  ch i ld ho od  c o gn i t i ve  de ve lo pment  
f ro m a  num ber  o f  pe r spec t i ve s .  The se  pe r spec t i ve s  wi l l  c r o ss  
b e t ween  the  rea lm s  o f  de ve l op ment a l  p s yc h o lo gy,  
n eu ro ps yc h o l o gy ,  ne ur o sc i e nce ,  medi c ine  a nd  ge ne t i c s .  I  wi l l  
s t a r t  wi th  i n t ro duc in g  s ome  of  t h e  ‘d oma i n -gene ra l ’  t heo r i e s  i . e .  
f o r med  u nd e r  t h e  be l i e f  t ha t  a l l  t he  c ha n ge s  in  me nta l  a b i l i t i e s  
t ha t  ha ppe n  du r in g  a  c h i ld ’ s  co gn i t i ve  de ve l op ment  a re  
h ap pen i n g  becau se  o f  t h e  same  u nd e r l yi n g  p roce s s .  T he se  
i nc lu de  co n s t r uc t i v i sm an d  so c i a l  co n s t r uc t i v i sm .  T h i s  c om pares  
w i t h  t he  ‘ doma in - s pec i f i c ’  a pp ro ach  whe re  d i f fe ren t  me nta l  
a b i l i t i e s  a re  t ho u gh t  t o  d e ve l op  in depe nd en t l y o f  one  a no the r .  
T h i s  wi l l  be  d i scu s se d  wi th  a  b r i e f  l o o k  a t  na t i v i sm a nd  the  
‘ t he or y o f  mi nd ’ .  I  wi l l  t hen  i n t r od uce  a  mo re  rece n t  t he or y ,  
‘ ne ur oco n s t r uc t i v i sm’ ,  w hich  a t t em pt s  t o  na v i ga t e  be t wee n  t he se  
t w o  g r ou p s  b y a d voca t in g  a  m ore  dom a in -ge ne r a l  s t a r t  po in t  
w h ich  th ro u gh  de ve l opme nt  l ead s  to  do ma in -s pe c i f i c i t y  i n  t he  
a du l t  b ra i n .   
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I  w i l l  t h en  d i scu s s  s t r uc t u ra l  an d  f un c t io na l  b ra in  d e ve l op ment  
a nd  i t s  r e l a t i on  t o  co gn i t i ve  de ve lo pme nt  an d  f i na l l y  l o ok  a t  
s o me  of  t he  e v i denc e  f r om molec u la r  gene t i c s  t ha t  wi l l  i n f l uence  
h o w we  ap pr oac h  l e a r n in g  a b i l i t i e s  an d  d i sab i l i t i e s .   
 
1 . 6 . 1  C o ns t r uc t i v i sm  
1 . 6 . 1 . 1  P ia ge t ’ s  Th eo r y o f  Co gni t i ve  Deve lo pme nt  
O ne  o f  t h e  f i r s t  p s yc h o l o gi s t s  t o  su gge s t  t ha t  ch i ld ren  t h ink  
d i f fe re n t l y t o  ad u l t s  wa s  J ean  Pia ge t  (1 80 ) ,  i n  h i s  w or k  wi th  
c h i ld re n  f ro m t h e  1 92 0 s  t o  1 9 80 s .  Th i s  i n vo l ve d  e x ten s i ve  
o b se r va t i on s  of  ch i l d r en ’s  ap pr oac he s  t o  ne w l e a r n in g  s i t ua t i on s .  
He  he ld  a  c on s t ruc t i vi s t  ap pr oac h  t o  l ea rn i n g  th eo r y t ha t  was  
p re d ica t e d  on  th e  i dea  th a t  l e a rn i n g  oc cur s  t h ro u gh  a  c h i ld ’ s  
e xpe r i e nce  o f  t he  w or ld  beco min g  i n t e rna l i s ed .  In t e l l ec tua l  
d e ve l op ment  w as  s een  a s  a  p roce s s  o f  a c t i ve  ex p l o ra t i on  o f  t he  
w o r ld  whe re  the  ch i ld  t h en  co n s t ruc t s  a  ment a l  r ep re sen ta t i on  o f  
r ea l i t y  b a se d  on  wha t  i s  d i sc o ve r ed  b y t he se  e xp l o ra t io ns .  The se  
me nta l  r e pre se n ta t i on s  a re  ca l l ed  ‘ sche ma’ .  T h i s  wa s  a  
s i gn i f i ca n t  de pa r t u re  f r om pre v io u s  no t io n s  t ha t  sa w the  ch i ld  a s  
a  b l ack  s l a t e  wh o  ab s or bed  kn ow le d ge  a s  i t  wa s  p re se n te d  (1 81) .  
T h i s  wa s  t he  t yp e  o f  a pp ro ach  t a ken  b y t he  beh a vi ou r i s t s ,  s uch  
a s  Pa v lo v  a nd  S k in ne r ,  wh o  be l i e ved  tha t  t he  l ea r ne r  wa s  pa s s i ve  
a nd  a l l  b eha v io ur  co u ld  be  ex p la i ne d  a s  a  r e sp on se  to  e x t e rna l  
s t im ul i  wi th ou t  r e f e re nce  t o  i n t e rna l  men ta l  s t a t e s  o r  t he  ab i l i t y  
t o  m odi f y th e  e f fec t  t h r ou gh  pos i t i ve  an d  n e ga t i ve  re i n f o rc emen t  
( 18 2) .  P i a ge t  wa s  one  o f  t he  f i r s t  t o  em pha s i se  t h e  im po r t a nce  o f  
p l a y to  l e a r n in g .  He  be l i e ve d  tha t  we  a re  i n s t i nc t i ve l y d r i ve n  to  
l e a rn  to  e sc ape  t he  ‘d i se qu i l i b r iu m’  t ha t  occ ur s  whe n  we  me e t  a  
n ew  s i t ua t i on  w e  do  n o t  un de r s t a nd .   
Wh i le  ‘ sc hema’  a r e  t he  menta l  s t ruc t u re s  we  c rea t e  t o  s to re  a l l  
t he  i n f o rm a t io n  re l a t ed  to  on e  a sp ec t  o f  t he  wo r ld ,  ‘o pe ra t io ns ’  
a re  t he  wa y w e  u nde r s t an d  t he  ru l e s  b y w hic h  t he  w or l d  ope ra t e s  
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( 18 0) .  P i a ge t  de ve l ope d  a  s t a ge d  the or y o f  de ve lo pme nt  ba sed  
a ro un d  t he  ma tu r i n g  o f  t he se  ope ra t i on s :  
▪  S e ns or imot or  s t a ge  –  0  t o  2  ye a rs  
▪  P re op e ra t i o na l  s t a ge  –  2  t o  7  yea rs  
▪  C o ncre t e  ope ra t i ona l  s t a ge  –  7  t o  11  yea r s  
▪  Fo r m a l  o pe r a t io na l  s t a ge  –  1 1  yea r s+  
V er y yo u n g  c h i ld re n  ha ve  no  o pe ra t i on s  a t  a l l  a nd  a r e  hen ce  p r e -
o pe ra t i ona l .  Ba se d  on  h i s  ob se r va t io n s  an d  p s yc ho l o g ica l  
e xpe r ime nt s  P i a ge t  i den t i f i e d  ce r t a in  c on s i s t e n t  ‘ e r r o r s  o f  l o g ic ’  
t ha t  ch i ld ren  p o s se ss  a t  d i f fe re n t  de ve lo pme nta l  s t a ges  due  to  
l i mi t s  o n  ope ra t i on s  a va i l ab l e  t o  t h em.  The  f o l lo wi n g  e r ro r s  o f  
l o gic  a re  e v ide n t  i n  t he  se n so r im oto r  a nd  p r eo pe ra t io na l  s t a ge  o f  
d e ve l op ment :  
▪  O b jec t  Pe r ma ne nce  –  t he  i dea  t ha t  u p  to  a  ce r t a in  a ge  
c h i ld re n  b e l i e ve  t ha t  w hen  an  ob jec t  i s  n o  l on ge r  vi s i b l e  i t  
n o  lo n ge r  ex i s t s  an d  wi l l  no t  l oo k  f o r  i t .  P i a ge t  s u spe c t ed  
c h i ld re n  de ve l ope d  o b jec t  pe r ma nenc e  a r ou nd  e i gh t  mo nt hs  
b u t  s ub se que n t  e xp e r im ent s  by Fr e e ma n  e t  a l . ,  1 98 0 ,  
s h o wed  tha t  e n vi ro nme nt  a f fec t e d  r e s u l t s  an d  Ba i l l a r ge on  
a nd  De Vo s ,  19 91 ,  sh o wed ,  u s i ng  a  d i f fe ren t  e xp e r ime nta l  
f o r ma t ,  t ha t  s ome  un de rs t an d ing  o f  ob jec t  pe rman ence  ca n  
b e  p re se n t  f r om  th ree  mo nth s  o f  a ge  (1 83 ,  18 4)  
▪  E goce n t r i sm –  di f f i c u l t y  u n de r s t a nd i n g  t ha t  o t he r  pe op le ’ s  
p e rce p t i on  o f  t he  wo r l d  can  be  d i f fe re n t  t o  t h e i r  o wn .  O ne  
o f  P i a ge t ’ s  se mina l  e xpe r ime nt s  wa s  t he  “ th ree  mo unta in s  
e xpe r ime nt”  wh ich  a s ked  ch i ld re n  to  s i t  i n  f r on t  o f  a  m ode l  
o f  t h ree  mo unta in s  an d  se l ec t  f r om  a  co l l ec t io n  o f  ph o to s  
w ha t  vi e w  of  t he  s cene  wa s  he l d  b y a  d o l l  s i t t i n g  a t  a  
d i f fe re n t  an g le  t o  t he  m ode l .  P i a ge t  f ou nd  t ha t  ch i ld ren  
b e lo w  se ve n  ye a r s  t en de d  t o  se l ec t  a  ph o to  wh ich  sh o wed  
t he i r  o wn  pe r s pec t i ve  o f  t h e  sce ne  ( 18 0 ,  18 5) .  Ho we ve r ,  
D o na l ds on ,  19 78 ,  sh o wed  tha t  c h i ld re n  a s  yo u n g  a s  t h ree  
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a nd  a  ha l f  ye a r s  we re  ca pab le  o f  a pp rec i a t in g  an o t he r ’ s  
p oi n t  o f  vi e w  b y de ve l op i n g  an  a l t e rn a t i ve  e xpe r ime nta l  
m ode l  –  t he  p o l i cem an  t a sk .  Sh e  fe l t  t h a t  P i a ge t ’ s  
e xpe r ime nt  d i d  no t  ma ke  “ huma n  se n se”  an d  wa s  to o  
a bs t rac t  t o  e n ga ge  the  c h i ld re n  (1 8 6) .   
▪  C o ns e r va t io n  –  t he  un de r s t a nd in g  t ha t  o b jec t s  r ema i n  th e  
s ame  e ven  wh en  th e i r  a ppea ranc e  c ha n ge s .  Y ou n ge r  
c h i ld re n  t en ded  t o  be l i e ve ,  fo r  ex ample ,  t h a t  t he re  w ere  
m ore  co i n s  w he n  a  f i xe d  n umb er  o f  co i n s  were  s p r ead  ou t  
a nd  mo re  l i q u i d  wh en  a  l i q u id  w as  p ou re d  f r om a  sh or t  
w i de  c on t a ine r  t o  a  t a l l  na r row  c on ta in e r  de sp i t e  ha v in g  
o b se r ve d  a l l  t he  cha n ge s  be i n g  p e r f o r med  ( 18 0) .  
M c Gar r i g l e ,  1 97 4 ,  h o we ve r ,  i de n t i f i ed  th a t  t he  ch i l d r en ’s  
r e s po n se  to  t h i s  ex pe r imen t  was  s t r on g l y a f fec t ed  b y t he  
c on d i t i on s  i n  whic h  t he y w e re  a s ke d .  Whe n  a  ‘na u gh t y 
t e dd y’  ra the r  t ha n  t he  e xp e r im en te r  a l t e re d  t he  c o i ns  e t c . ,  
t he  c h i ld re n  w ere  muc h  mo re  l i ke l y to  re s po nd  wi t h  t he  
c or rec t  an s wer  (1 87) .  D i s p l ayi n g  t he  ea r l y a b i l i t y  o f  
c h i ld re n  t o  re sp on d  to  w ha t  t he y t h i nk  th e  a s se s so r  
r eq u i re s  o f  t hem .    
 
1 . 6 . 1 . 2  C a se ’ s  The or y o f  C o gni t i ve  De ve l opm ent  
R o bb ie  Ca se ,  1 98 5 ,  de ve lo pe d  a  t heo r y o f  co gn i t i ve  de ve l opme nt  
b as ed  o n  i n f o r ma t i on  p roce s s i n g  th eo r y ( 18 8) .  He  vi e wed  
c o gn i t i ve  de ve lo pme nt  a s  dep en de n t  o n  t he  de ve l opm ent  o f  t h e  
b ra i n  a nd  sa w the  b ra i n  a s  ana l o gou s  to  a  com pu te r .  He  saw  
c h i ld re n  a s  de ve l op i n g  i n t e l l ec t ua l l y  b y s o l v in g  p ro b lem s and  
t he i r  ab i l i t y  t o  do  s o  wa s  l imi t ed  b y in fo rma t i on  p r oce s s in g  
ca pac i t y.  He  p ro po se d  t ha t  co gn i t i ve  a nd  neu ra l  cha n ge s  l ea d  t o  
g r ea t e r  a b i l i t y  t o  p r oce s s  i n f o r ma t i on .  T h i s  wa s  ac h ie ved  
t h r ou gh  m ye l ina t io n ,  g r o wth  o f  ‘m enta l  spa ce ’  i . e .  e xpa nd ing  
w o rk i n g  mem or y w i t h  ma t ur i t y  a nd  ‘a u tom a t i c i t y’ ,  t he  c oncep t  
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t ha t  wi t h  p rac t i ce  some  p rob lem -s o l v in g  s t r a t e gi e s  bec ome  
a u tom a t i c  ( 18 0) .   
C a se  sa w ch i ld ren  a s  ha v i n g fo ur  i n s t i nc t s  wh ich  to ge the r  
p ro du ce  c o gn i t i ve  de ve lo pme nt :  
▪  In s t i nc t  t o  ex p lo re  
▪  In s t i nc t  t o  s o l ve  p r ob l em s  
▪  In s t i nc t  t o  imi t a t e  o th e r s  
▪  In s t i nc t  t o  u nde r s t an d  an d  c o -ope ra t e  w i th  o t he r s .   
C a se ,  l i k e  P i a ge t ,  a l so  p ro po se d  a  s t a ged  the or y o f  de ve l opme nt  
w he re  ch i l d re n  t r a ns i t i o ne d  to  succ es s i ve  s t a ge s  w hen  the i r  
me n ta l  sp ace  reac he d  a  ce r t a in  l e ve l .  The  i dea  o f  imp ro ved  
i n f o rma t io n  p roce s s i n g  wi t h  age  ha s  b een  s up po r t ed  b y Ka i l ,  
1 9 91 ,  wh o  fo un d  im pr o ved  p r oce s s i n g t ime  wi th  a ge  o n  a  n umbe r  
t a s k s  i r r e sp ec t i ve  o f  cu l t u re  o r  t h e  n a tu re  o f  t he  t a sk  ( 18 9) .  Ca se  
i s  see n  to  ha ve  d e ve l ope d  Pia ge t ’ s  i de as  an d  i s  o f t e n  re fe r red  to  
a s  ‘n eo -P ia ge t i an ’ .   
 
1 . 6 . 2  S o c ia l  Co n s t r uc t i v i sm  
1 . 6 . 2 . 1  V ygo t s k y’ s  t heo r y o f  Co gn i t i ve  D e ve lo pme nt  
V ygo t s k y an d  Bru ne r  (d i scu s se d  be lo w)  emp ha s i sed  cu l tu re ,  
s oc i a l  i n t e r ac t i on  a nd  l an gua ge  i n  co gn i t i ve  de ve l opme nt  (1 80) .  
V ygo t s k y a gree d  wi t h  P i a ge t  t h a t  c o gn i t i ve  de ve lo pmen t  t a kes  
p l ace  in  s t a ge s  c ha rac t e r i sed  b y d i f fe ren t  s t yl e s  o f  t h in k ing .  
Ho w e ve r ,  h e  p l a ced  a  s t ro n g em pha s i s  on  s oc i a l  i n t e rac t io n  
d ur in g  l ea r n i n g  a nd  t he  cu l tu re  i n  w hic h  a  ch i l d  g ro w s  u p .  He  
s a w  ch i ld ren  a s  b e in g  b or n  wi th  ba s i c  me nta l  fu nc t i on s  suc h  a s  
t he  a b i l i t y  t o  pe r ce i ve  th e  o u t s id e  wo r ld  an d  foc u s  a t t en t io n  on  
p a r t i cu l a r  ob jec t s .  T h in k i n g  an d  p ro b lem  so l v in g  a re  h i ghe r  
me nta l  f un c t io n s  an d  see n  a s  t h e  ‘ t o o l s ’  o f  t h e  c u l t u re  a nd  a re  
t r an smi t t ed  to  ch i ld r en  b y the  o ld e r  m embe r s  o f  t he  c u l t u re .  
E xpe r i e nce s  wi t h  o t he r  p eo p le  g r ad ua l l y b eco me  in t e rna l i sed  a nd  
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f o r m  the  c h i l d ’ s  i n t e rna l  r ep re se n ta t i o n  o f  t he  wo r ld .  V ygo t s ky  
b e l i e ved  tha t  ch i l d r en  c ou l d  ne ve r  de ve lo p  f o r ma l  ope ra t i ona l  
t h in k i n g  wi th ou t  t he  he l p  o f  o the r s ,  t he  d i f fe re nce  b e t ween  wha t  
a  c h i l d  can  l e a rn  on  i t s  o wn  an d  wha t  i t  c an  po ten t i a l l y  l ea rn  
t h r ou gh  in t e rac t i on  wi th  o t he r s  i s  ca l l e d  t he  ‘ zo ne  o f  p r ox im a l  
d e ve l op ment ’  ( ZPD )  (1 80 ,  1 82 ) .  V ygo t s k y a l s o  p l ace d  m ore  
em pha s i s  o n  t he  im po r t a nce  o f  l an gu a ge  in  co gn i t i ve  
d e ve l op ment .  He  fe l t  t ha t  whi l e  ea r l y o n  th e  s o l e  f unc t io n  o f  
l a n gua ge  i s  c omm uni ca t io n ,  i t  l a t e r  be come s  in t e rn a l i sed  and  
u se d  a s  a  t o o l  fo r  t h i nk i n g .  C r i t i c i sm s  o f  V ygo t s k y c ome  m a in l y  
f ro m h i s  e mp ha s i s  on  t he  r o l e  o f  cu l tu re  i n  t h in k in g  a nd  
l ea rn in g .  I f  c u l t u re  ha d  s uc h  a n  i mp or t a nce  we  m i gh t  e xp ec t  
d i f fe re n t  c u l tu re s  t o  ha ve  m ore  r ad i c a l l y  d i f fe ren t  ap pr oache s  to  
t h in k i n g t ha n  th e y do .  So me  su pp or t  f o r  V ygo t s k y’ s  v i e w s  on  the  
i n f l uen ce  o f  cu l t u r e  come s  f ro m Lu r i a  a nd  Yu do vic h ,  19 71 ,  w ho  
l oo ked  a t  t he  t h in k in g  s t yl e s  o f  t he  U zbeck i  peo p le  o f  ce n t r a l  o f  
ce n t r a l  As i a  an d  fo un d  th a t  w hen  a  c u l t u re  c ha n ge s ,  t he  t h in k i ng  
o f  t he  c u l t u re  a l s o  c han ge s  ( 190 ) .  V ygo t s k y a l s o  co n t r o ve r s i a l l y  
s u gge s t ed  th a t  cu l t u r e s  t ha t  d o  n o t  ha ve  f o rm a l  sc ho o l i n g  d o  no t  
d e ve l op  the  a b i l i t y  f o r  a b s t r ac t  t h i nk i n g  i mpl yi n g  t ha t  s ome  
c u l tu re s  a re  be t t e r  a t  t h i nk in g  tha n  o th e r s .  Succ es s or s  o f  
V ygo t s k y t en d  to  m ode ra t e  t h i s  b y s u gge s t i n g  tha t  d i f fe r en t  
c u l tu re s  ha ve  q ua l i t a t i ve l y ra th e r  t ha n  qua n t i t a t i ve l y d i f fe ren t  
t h in k i n g  to o l s  (1 80 ) .   
 
1 . 6 . 2 . 2  Br u ne r ’ s  t he or y o f  co gn i t i ve  d e ve l opm ent  
Br u ne r  i s  a  mo re  recen t  t heo r i s t  t ha n  P ia ge t  a nd  V ygo t s k y a nd  
h as  ap p l i e d  a nd  a dap ted  a s pec t s  o f  bo t h  ( 18 0) .  Br une r  r e j ec t ed  
t he  idea  o f  de ve l opm enta l  s t a ge s ,  a n  idea  t ho u gh  p romi ne n t  i n  
ea r l i e r  t heo r i e s  f a i l e d  to  b e  fu l l y  s u p po r t ed  b y l a t e r  
e xpe r ime nta t i on .  He  p re fe r red  t o  l oo k  a t  t he  f o r m in  w hich  
i n f o rma t io n  i s  ke p t  i n  t he  mi nd  a t  d i f fe r en t  a ge s ,  t e rme d  ‘m odes  
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o f  rep re sen t a t io n’ .  Bru ne r ’ s  p ro p ose d  m ode s  o f  r ep re sen ta t i on  
w er e :  
▪  E nac t i ve  rep re sen ta t i on  –  t he  f i r s t  t o  ap pea r  i n  c h i l d re n’ s  
mi nd s .  T h in k i n g  in  t h e  f i r s t  ye a r  i s  ba sed  en t i r e l y o n  
p h ys i ca l  o r  mot or  a c t io n s .  T h i s  r e pre se n ta t i on  fo rm 
p e r s i s t s  i n  ad u l t ho od  a s  ‘mu sc l e  memo r y’  
▪  Ic o n ic  r epr e s en ta t io n  –  i n f o r ma t i on  i s  kep t  i n  t he  mi nd  a s  
p i c tu re s  o r  men ta l  i ma ge s .  T h i s  f o r m of  r ep re se n ta t i on  
a ppea r s  a t  on e  yea r  o f  a ge  a nd  m u st  b e  p re sen t  f o r  d ra wi n g 
t o  be  po s s i b l e  b u t  do es  no t  a id  p r ob le m -so l vi n g .  Br une r  
a nd  Ke nne y ,  1 96 6 ,  de ve lo ped  an  e xpe r ime nt  u s in g  a  g r i d  o f  
o rd e re d ,  d i f fe ren t l y s i zed  gl a ss e s  a nd  a ske d  c h i l d re n  t o  
c op y t he  o rd e r ,  a  r ep ro duc t io n  t a sk ,  an d  to  r e ve r se  t he  
o rd e r ,  a  t r a n sp os i t i o n  t a s k .  Wh i l e  ch i l d r en  re l yi n g  on  
i c on i c  rep re sen ta t i on  co u l d  pe r f o r m t he  re pr od uc t i on  t a s k  
t he y co u l d  no t  pe r f o r m t he  t r a nsp o s i t i on  t a s k  ( 19 1)  
▪  S ym b o l i c  r ep re sen t a t io n  –  mean s  tha t  l an gua ge  a nd  o th e r  
s ym b o l i c  fo rm s  suc h  a s  nu mber s  an d  m us ic  ca n  no w be  
u se d  f o r  t h in k in g .  T h i s  a l l o ws  the  c h i l d  t o  ca t e go r i se  
t h in gs  an d  s t a r t  t h in k i n g  l o gica l l y .  Br u ne r  be l i e ve d  th a t  
s ym b o l i c  t ho u gh t  becam e  p o ss i b l e  wh en  the  ch i l d  had  
ac h ie ved  a  c e r t a in  l e ve l  o f  ma s t e r y o f  l a n gua ge .   
Br u ne r  a l so  bu i l t  o n  V ygo t s k y’ s  i dea  o f  t h e  ZPD  a nd  p r op o sed  
t he  c onc ep t  o f  ‘ sca f f o l d in g’  w hic h  em pha s i se s  t he  im po r t anc e  o f  
t he  so c i a l  d ime n s io n  o f  l e a r n i ng .  I t  i s  de f ine d  a s  t he  wi de  range  
o f  ac t i v i t i e s  t h r ou gh  w hich  t he  ad u l t ,  o r  mo re  ex pe r i ence d  pee r  
a s s i s t s  t h e  l ea r ne r  t o  ac h ie ve  go a l s  t ha t  wo uld  o the r wi se  b e  
b e yo n d  t hem  ( 19 2) .  
 
1 . 6 . 3  T heo r y o f  Mi nd  
T he  a br up t  a ppe a ra nce  o f  a  ‘ t heo r y o f  min d’  a r ou nd  fo ur  yea r s  o f  
a ge  i s  pu t  fo r war d  a s  e v i dence  o f  a  d oma i n -spe c i f i c  v i e w  of  
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c hi ld ho od  co gn i t i ve  de ve lo pmen t .  T he  ‘ the or y o f  mi nd ’  i s  an  
u n de r s t a nd i n g  o f  w ha t  o the r  peo p le  be l i e ve ,  t h i nk  a nd  kn o w  and  
d oe s  ap pea r  t o  de ve l op  i nd ep en den t l y o f  ge ne r a l  co gn i t i ve  
t h in k i n g .  Wimmer  a nd  Pe r ne r ,  1 98 3 ,  d e ve l ope d  an  e xpe r imen t  
w he re  ch i l d re n  a r e  p r e s en te d  wi t h  t he  s t o r y o f  a  b o y ca l l e d  Ma xi  
w h o  ha s  l e f t  h i s  ch oc o la t e  i n  a  g ree n  c on ta ine r  an d  gone  ou t .  
Wh i l e  he  i s  a wa y h i s  m othe r  t ak es  som e  c hoc o la t e  an d  pu t s  t he  
r e s t  i n  t he  b lu e  c on ta ine r  a nd  th e  c h i ld re n  a re  t hen  a ske d  w here  
w i l l  Ma xi  l oo k  f o r  h i s  c hoc o la t e  on  h i s  r e tu rn  (1 93 ) .  Fe w  t h r ee  
ye a r  o l d s  c ou l d  un de r s t an d  t ha t  M axi  d oe s  no t  k no w tha t  h i s  
m othe r  mo ved  t he  c ho co la t e  a nd  t he re fo re  w ou ld  lo ok  whe re  he  
h ad  l e f t  i t ,  i n  t he  g ree n  c on ta ine r ,  b u t  t he  ma j or i t y  o f  f ou r  ye a r  
o ld s  co u l d  u nde r s t an d  tha t  Max i ’ s  kn o wle d ge  i s  d i f fe re n t  f rom 
t he i r s  a nd  a ns we re d  the  q ue s t i on  c or rec t l y .  T h i s  ex pe r imen t  was  
r epea t ed  b y A vi s  an d  Ha r r i s ,  1 9 91 ,  wi t h  ch i l d r en  in  a  r emote  
p a r t  o f  Came ro on  an d  t he i r  r e su l t s  we re  a ge  co n s i s t e n t  (1 94 ) .   
Le s l i e ,  19 94 ,  su gge s t e d  t ha t  t he  su dd en  on se t  o f  t he or y o f  mi nd  
a t  f ou r  ye a r s  o ld  occ ur s  beca u se  a  pa r t i c u l a r  mo du le  o f  t he  b ra in  
s u dde n l y  b ec ome s  a c t i ve  (1 95 ) .  T h i s  m od ula r  t he or y o f  t he  b r a in  
i s  po pu la r  bu t  do es  n o t  e xp la i n  h o w  a sp ec t s  o f  t he  c h i ld ’ s  soc i a l  
e n vi ro nme nt  can  ha ve  a  p r o f ou n d  e f f ec t  o n  the or y o f  min d .  
S t ud ie s  ha ve  s ho w n t ha t  t he or y  o f  mi nd  i s  s upe r io r  i n  ch i ld ren  
w h o  ha ve  sec ure  a t t achm ent s  an d  wh o se  p r ima r y ca re r s  d i sp l a y  
h i gh  l e ve l s  o f  sen s i t i vi t y  (1 96) .  As t i n gt on ,  1 99 8 ,  s u gge s t e d  a  
t heo r y tha t  pe rha p s  t h i s  i s  d ue  to  ch i ld ren  in t e rn a l i s in g  a  t he or y  
o f  min d  du r in g  the i r  ea r l y i n t e rac t i on s  ( 19 7) .   
T he  ca se  o f  seemi n gl y i mp a i re d  the or y o f  mi nd  i n  a u t i sm  i s  a l so  
t a ken  t o  o f fe r  e v ide nce  o f  doma in  spec i f i c  c o gn i t i ve  
d e ve l op ment  (1 98 ) .  So me  au t i s t i c  c h i l d re n  can  de ve lo p  o t he r  
me nta l  ab i l i t i e s  t o  a  h i gh  l e ve l  w h i l e  dem on st ra t i n g  an  im pa i red  
t heo r y o f  min d .  T h i s  wo ul d  n o t  b e  ex pec te d  u n le s s  t he  t heo r y o f  




1 . 6 . 4  N at i v i sm  
N a t i v i sm a r gue s  f o r  a n  i nna te  s pec i f i ca t i on  o f  d i s so c i a t ed  
m od ule s  i n  t he  h uma n  bra i n .  An n e t t e  Kar mi lo f f -S mi t h ,  2 00 9 ,  
t ho u gh  no t  a  p r op one n t  o f  na t i v i sm ,  ou t l i ne s  t he  f ou r  ma jor  
a r gumen t s  i n  f a vo ur  o f  t h i s  na t i v i s t  a pp ro ach  (1 99 ) .  Fi r s t l y ,  i t  
d ra w s  f ro m e v ide nce  i n  a du l t s  o f  p re d ic t a b l e  pa t t e rn s  o f  de f i c i t  
f o l l o win g  s pec i f i c  l oca l i se d  b ra i n  in j u r y.  S ec on d l y ,  i t  i s  
e vo l u t i ona r i l y  l o gic a l  t ha t  t he  hu man  b ra in  ha s  bee n  req u i r ed  to  
d e ve l op  pe r fec t l y  a da p ted  i nde pe nde n t l y f u nc t i on i n g  m od ule s  t o  
p ro v i de  u s  wi t h  a  ‘ S wi s s  a rm y k n i fe ’  o f  sk i l l s .  Th i r d l y ,  so me  o f  
t he  ve r y ea r l y s k i l l s  dem on st ra t e d  b y yo u n g  c h i l d re n  ha ve  been  
p ro mote d  a s  e vi den ce  o f  i nn a t e l y s p ec i f i ed ,  c o re  k no wle d ge  
( 20 0) .  Fo u r t h l y ,  t he  ex i s t ence  o f  ge ne t i c  d i s o r de r s  t ha t  sh ow  
d e f i c i t s  i n  some  co gn i t i ve  ab i l i t i e s  bu t  ‘ no rma l ’  sc ore s  i n  o th e r s  
i l l u s t ra t e s  t h e  d i s so c i a t i on  o f  t h e s e  doma in s .  T h i s  ha s  l e d  to  a  
l a n gua ge  i n  c l i n i c a l  p rac t i ce  o f  de sc r ib i n g  th e  a f fec t ed  d oma in  
a s  ‘ i mpa i re d’  an d  th e  ap pa re n t l y  u na f fec t e d  d oma i n  a s  ‘ i n t ac t ’  o r  
‘ r e l a t i ve l y in t ac t ’ .   
E l i zabe th  S pe lk e ,  19 98 ,  su ppo r t e d  na t i v i s t  t heo r y an d  was  
p a r t i cu l a r l y i n t e r e s t ed  in  co gn i t i ve  de ve lo pme nt  i n  i n f anc y.  S he  
a r gued  t ha t  t he re  i s  e v ide nce  t o  s u gge s t  t ha t  s ome  s k i l l s ,  s uch  a s  
o b jec t  r ep re se n ta t i on ,  a re  p re sen t  be fo r e  i n fan t s  a re  ph ys i ca l ly  
ca pab le  o f  e f fec t i ve l y ac t i n g  o n  o b jec t s  d i rec t l y  ( 20 1) .  Th i s  
w o ul d  co n t r ad ic t  co n s t r uc t iv i s t  t heo r i e s  whi ch  req u i re  
e xpe r i e nce  a nd  ex p lo ra t i on  o f  t h e  wo r ld  in  o rde r  t o  bu i ld  menta l  
r ep re sen t a t io n s .  Spe l ke  spec i f i ca l l y  ad voc a ted  f o r  a  vi ew  of  
h uma n  c o gn i t i on  ba se d  on  f ou r  s ys t em s o f  co re  k no wle d ge  f o r  
r ep re sen t in g ;  o b jec t s ,  a c t io n s ,  nu mbe r s  a nd  s pace ,  an d  a  po s s i b l e  
f i f t h  fo r  r ep re sen t in g  s oc i a l  pa r tn e r s  (2 02 ) .   
A ke y i n f l uen ce  o f  t h e  na t i v i sm a r gume nt  wa s  h ow e ve r  t o  ope n  
u p  t he  d i a lo gu e  to  mo re  in ve s t i ga t i ve  re sea r ch  pa r t i cu l a r l y i n  t he  
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i n fa n t  (2 01 ) .  P r io r  t o  t h i s ,  s uch  s t ud y w a s  su mmar i l y d i smi s sed  
a s  t he  i n tu i t i o n  o f  t he  da y a ss ume d  t ha t  c o gn i t i ve  a b i l i t y  p r i o r  t o  
w o r ld  e xp l o r a t io n  w as  i mp os s i b l e .  Th i s  v i e w ha s  bee n  ge ne ra l ly  
d i spe l l ed  b y va r io u s  ex pe r iment s  i n  t he  i n fa n t  pe r i od  inc l ud ing  
t he  w or k  o n  ob jec t  pe rmanen ce  b y Ba i l l a r ge on  an d  Da vi s  
me nt i one d  p re v i ou s l y ( 1 83 ) .   
 
1 . 6 . 5  N eu ro co ns t r uc t i v i sm  
N eu ro co ns t r uc t i v i sm be gan  t o  eme r ge  i n  t he  l a t e  1 99 0s  wi t h  a  
v i e w t o  mo vin g  a wa y f r om the  d e ve l op menta l  p s yc ho l og y  
a pp roac h  o f  d es c r i b in g  c h i ld re n’ s  a b i l i t i e s  a t  spec i f i c  a ges  
t o war ds  a n  un de r s t a nd i n g  o f  t he  u nde r l yi n g  neu ra l  mecha n i sms  
t ha t  make  t he se  de ve lo pmenta l  t r a j ec t o r i e s  po s s ib l e .  The  
a pp roac h  a im s  t o  fo cu s  o n  t he  fac to r s  t ha t  i n f l ue nce  the  
eme r gence  o f  me nta l  r ep re sen ta t i on s  no w  re fe r re d  to  a s  ‘ ne ura l  
ac t i va t io n  pa t t e rn s ’  (2 03 ) .  Ne ur oco n s t r uc t i v i sm  a t t em pt s  t o  
i n t e gra t e  d i f fe ren t  v i e w s  o f  b r a in  a nd  co gn i t i ve  de ve lo pment  
i nc lu d i n g :  
1 .  P r oba b i l i s t i c  ep i ge ne s i s  w hic h  em pha s i se s  t he  in t e rac t io n s  
b e t ween  e xpe r i en ce  a nd  ge ne  exp re s s io n  
2 .  N eu ra l  c on s t ruc t i vi s m w hic h  fo cu se s  o n  t he  ex pe r i ence -
d epe nde n t  e l ab or a t io n  o f  sma l l - s ca l e  n eu ra l  s t ruc tu re s  
3 .  T he  ‘ in t e ra c t i ve  spe c i a l i sa t io n’  v i e w of  b ra in  d e ve l op ment  
w h ich  s t re s se s  t h e  r o l e  o f  i n t e r ac t i on s  be t ween  d i f fe re n t  
b ra i n  re g io ns  i n  fu nc t i ona l  b ra i n  de ve lo pme nt  
4 .  Em bo dime nt  v i e w s  t ha t  h i gh l i gh t  t he  ro l e  o f  t he  b od y i n  
c o gn i t i ve  de ve lo pme nt  
5 .  T he  c on s t ruc t i v i s t  ( P i a ge t i a n)  ap pr oac h  to  co gn i t i ve  
d e ve l op ment  wi t h  i t s  f ocu s  o n  th e  p r oac t i ve  a cq u i s i t i on  o f  
k n ow led ge ,  an d  
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6 .  Ap p r oac he s  foc u s in g  o n  the  ro l e  o f  t he  s oc i a l  e n vi ro nme nt  
f o r  t he  de ve lo p in g  c h i l d  
N eu ro co ns t r uc t i v i sm dr aw s  g r ea t l y  f r om  a na to mica l ,  
n eu ro sc i e n t i f i c  an d  ge ne t i c  ev i de nce  an d  in t e gr a t e s  i t  wi th  
c on s t ruc t i vi s t  p s yc ho l o g ica l  t he or y.  I t  p ro po se s  t ha t  a  sma l l  
n um ber  o f  d oma i n  re l e va n t  l ea rn in g  a l gor i thm s  ’ jum p - s t a r t ’  t he  
i n fa n t  b r a in  ( 20 4) .  T he  n orma l  i n i t i a l  i n fa n t  c o r t ex  i s  h i gh l y  
i n t e r co nnec ted  an d  i t  i s  o n l y w i t h  t ime  an d  t he  p roce s s i n g  o f  
d i f fe re n t  t yp e s  o f  i np u t s  t h a t  t he  ch i ld  b ra i n  beco mes  
i nc re as in g l y s pe c i a l i se d  fo r  f unc t i on  (2 05 ) .  Mo dul e s  t he n  e mer ge  
f ro m a  g r ad ua l  a nd  com ple x  p r oce s s  o f  mo dula r i sa t i on  to  
p ro du ce  the  fu nc t i ona l l y m ore  d oma i n  spec i f i c  a d u l t - t yp e  b ra in  
( 20 6) .   
T he  im pac t  o f  t h i s  i s  t ha t  a  t i n y  impa i rme nt  e a r l y o n  can  ha ve  a  
ca sca d i n g e f fe c t  o n  su b seq ue n t  ac qu i s i t i o n  o f  seemi n g ly  
u nr e l a t e d  sk i l l s .  Wh i l e  t he  de f i c i t  c ou ld  pe rme a te  a l l  pa r t s  o f  t he  
c or t e x  so me  pa r t s  o f  t he  b ra i n  mi gh t  be  mor e  se r i ou s l y a f fec t ed  
t han  o t he r s  de pen den t  o n  t he  i n t e rac t i on  be t wee n  d i f fe r en t  
a l go r i t hm s a nd  d i f fe ren t  s t r uc tu re s  i n  t he  e n v i r onme nta l  i n pu t .  
T h i s  mi gh t  im pl y t ha t  d oma in s  p re v io u s l y d e t e rmin ed  to  b e  
‘ i n t a c t ’  a re  u n l ik e l y t o  be  co mple t e l y u na f fec t ed  b y a  
d e ve l op ment a l  pa t ho l o gy ( 2 0 4) .  Gr i ce  e t  a l . ,  2 00 3 ,  p re sen t s  so me  
e v ide nce  f rom  wo rk  wi t h  c h i l d re n  wi t h  Wi l l i a m’ s  s yn d r ome  th a t  
d emo n st ra t e  t h i s  mi gh t  be  t he  ca se  (2 07 ) .  In  an  e xp e r im ent  
l oo k in g  a t  EE G de r i ved  e ven t - re l a t e d  po te n t i a l s  (E R P)  in  
r e s po n se  to  face  p roc es s i n g  an d  ob jec t  p r oce s s i n g ,  i n  t h i s  ca se  a  
ca r ,  pa t i en t s  wi t h  Wi l l i am ’ s  syn d r o me  we re  fo un d  to  p roce ss  
f ace s  an d  ca r s  i n  t he  sa me  wa y w he rea s  he a l th y c on t ro l s  
p ro ce ss ed  face s  ve r y d i f fe re n t l y.  Th i s  d i f fe re nce  w ou ld  be  
u ne xpec ted  co ns ide r in g  t ha t  pe op le  wi th  Wi l l i am’ s  s yn d r ome  
u s ua l l y p e r fo rm i n  th e  n orm a l  r an ge  o n  face  p r oce s s in g  t a s k s .  
T hi s  h i gh l i gh t s  t ha t  sco re s  ‘ i n  t he  n orm a l  r a n ge ’  can  ma sk  
d i f fe r i n g  c o gn i t i ve  a nd  b ra i n  p r oce s se s  an d  o f fe r s  a  co un te r i ng  
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a r gumen t  fo r  one  o f  t he  ra t i o na le  b eh i nd  na t i vi sm .  [ Fo r  fu r t he r  
i n f o rma t io n  on  the  u se  o f  E R P in  n eu ro ps yc h o l o gy s ee  Su r  e t  a l .  
( 20 8) ]  R ecen t l y t h i s  wor k  h as  b een  e x te nde d  to  s ho w  t ha t  f a ce  
p ro ce ss in g  i s  a l r ead y a t yp i ca l  i n  i n fa nc y ,  wi t h  i n fan t s  wi th  
Wil l i am ’s  s yn d r ome ,  un l i ke  t hos e  in  a  c on t ro l  g r ou p  o n l y b e ing  
s en s i t i ve  t o  fea t u ra l  c han ge s  bu t  no t  c on f i gura l  c han ge s . (2 09 ) .  
T h i s  p ro v ide s  fu r t he r  r e in fo rceme nt  a ga in s t  a  d i s t i nc t  mo dule  fo r  
t h i s  s k i l l .   
T homa s ,  2 00 5 ,  h i gh l i gh te d  tw o  una n sw ere d  p r ob lem s  w i th  
n eu roc on s t ruc t i vi sm  (2 10 ) .  Fi r s t l y ,  a  c l ea re r  p i c t u re  i s  n eede d  o f  
t he  in i t i a l  d oma i n  re l e vanc ie s  t ha t  p reda te  a  pa r t i cu l a r  d oma in  
a nd  o f  t he  na tu re  o f  t he  p r oce s s  t ha t  e ve n tu a l l y  de l i ve r s  d oma i n -
s pe c i f i c  f unc t io na l  s t r uc t u re s .  Sec on d l y ,  c on s t ruc t io n  o f  
d e ve l op ment a l  t r a j e c to r i e s  f r om in fan c y to  a du l t ho od ,  nee de d  to  
p ro ve  ce r t a i n  a spec t s  o f  t he  t h eo r y,  i s  ham pere d  b y va r i ous  
me t ho do lo g ica l  i s sue s ,  no t  l e a s t  t he  l a ck  o f  a pp ro pr i a t e  
c o gn i t i ve  t e s t s  t ha t  can  be  u se d  ac ro s s  t h i s  a ge  r an ge .   
 
1 . 6 . 6  S t ruc t u ra l  a nd  Fu n c t i ona l  Bra i n  C ha n ge s  in  C o gni t i ve  
D e ve lo pme nt  
U n fo r tu na te l y ve r y l i t t l e  i s  ye t  u n de r s t oo d  a bo u t  s t r uc tu ra l  b ra in  
d e ve l op ment  i n  c h i l dh oo d  a nd  l e s s  a bo u t  i t s  r e l a t i on  t o  c o gn i t i ve  
d e ve l op ment .  Un t i l  q u i t e  r ecen t l y ou r  kn ow led ge  r e l i ed  on  
l i mi t ed  e vi den ce  f rom po s t -m or t em a na l ys i s  an d  c l i n i ca l  ima g ing  
o f  ch i l d re n  to  g i ve  i n s i gh t  i n t o  ho w t he  b ra in  de ve l ope d  in  
c h i ld ho od .  O f  co ur se ,  t h i s  t e nded  t o  g i ve  u s  mo re  in fo rma t i on  on  
t he  p a th o lo g ica l  b ra i n  p roce s se s  ra th e r  t ha n  t yp ica l  hea l th y  
d e ve l op ment  (2 04 ) .  Re cen t  p ro gr e s s  i n  t he  d e ve l opm ent  o f  
s o ph i s t i ca t e d  ne ur o ima gi n g a nd  neu ro ph ys i o l o g ica l  
mea s ure ment s  ha s  ex pan ded  th e  me th od o lo g ica l  o p t i on s  fo r  
s t ud yi n g  t he  de ve l op i n g  b ra in  wi t ho u t  t he  need  f o r  h i gh l y  
i n va s i ve  p r oce du re s  o r  u nnec es sa r y ra d i a t i on  d o sa ge  ( 21 1) .   
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T he  pe r i na t a l  pe r i od  o f  b ra i n  d e ve l op ment ,  f rom  24 t h  we ek  
ge s t a t i on  to  t h e  t i me  o f  b i r t h ,  i s  a  pe r i od  c ha rac t e r i se d  by  
n eu ro na l  ma t ura t io n  (2 12 ) .  Ar ou nd  t he  t ime  o f  b i r t h  mo st  
n eu ro ns  ha ve  m i gra t ed  t o  t he i r  a pp ro pr i a t e  l oca t io n s  wi t h i n  the  
ce reb ra l  co r t ex ,  h ip poc amp u s ,  ce reb e l lu m an d  o th e r  r e g io ns  o f  
t he  b ra in .  S ome  n eu ro gene s i s  c on t i nu es  i n  t he  f i r s t  p o s tn a t a l  
ye a r  i n  t he  h i pp ocam pu s ,  o l fac t o r y b u lb ,  an d  ce reb e l lu m.  New  
gr a nu le  ce l l s  a re  p r od uced  t h r ou gh o ut  a du l th oo d  i n  t he  de n ta t e  
g yr u s .  The  de nd r i t i c  b ra nch i n g o f  ne ur on s  an d  t he  num ber  o f  
s yn a p t i c  co nnec t io n s  g rea t l y  i n c rea se  i n  t h i s  t ime .  Den dr i t i c  
p ru n i n g  a nd  s yn ap se  e l imi na t i on  fo l lo w s  th i s  pe r io d  o f  
o ve rp ro duc t io n  (2 04 ) .  (Fi gu re  1 . 5 )  
 
 
Fi gu re  1 .5 :  The  t i me  co ur se  o f  key  p roce s se s  o f  b ra in  
d eve l op me nt  f o r  2 0  we ek s  ge s t a t i on  t o  20  y ea r s .  Rep ro duc ed  
f ro m Sem ple  e t  a l ,  2 01 3  (2 13 ) .   
 
Hu t t en l oc he r ,  1 97 9 ,  wa s  o ne  o f  t he  f i r s t  t o  s t ud y t h e  t ime -co ur se  
f o r  s yn ap t i c  de ve l op ment  an d  p r un in g  i n  t he  huma n  bra i n  (2 14) .  
He  fo un d  th a t  u n l i ke  p re v iou s  s tu d i e s  i n  p r ima te s ,  h uman  
s yn a p to gene s i s  doe s  n o t  occ ur  s imu l t an eo us l y ac ro s s  d i f fe ren t  
r e gi on s  o f  t h e  b r a in .  In  t he  vi s ua l  co r t e x  s yn a p t i c  
o ve rp ro duc t io n  reac he s  a  max im um  a t  t he  4 t h  po s t na t a l  m onth ,  
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s yn a p se  e l imi na t i on  t hen  c on t i nue s  t o  p re sch oo l  a ge .  The  
p re f r on ta l  co r t ex  ho we ve r  pea k s  a t  t h r ee  to  fo ur  ye a rs  o f  l i f e  a nd  
s u b s t a n t i a l  dec l i ne  doe s  no t  occ ur  un t i l  m i d -t o - l a t e  a do le scence  
( 21 5 ,  21 6) .  P ET  s tu d ie s  o f  g l uco se  me tab o l i sm  su gge s t  t ha t  
ma t ur a t io n  o f  l oca l  me ta bo l i c  r a t e s  c lo se l y p a ra l l e l  t he  t ime -
c ou rs e  o f  o ve r pr od uc t i on  a nd  s u b seq uen t  p ru n in g  o f  s yn ap ses .  
T he  p r e f ro n ta l  co r t e x  s h o w s  a  re l a t i ve l y p ro lo n ge d  ma tu ra t i on  
c ompa re d  t o  t he  vi s ua l  c o r t ex  ( 21 7) .  
An o t he r  imp o r t an t  p roce s s  e vi den t  i n  s t ruc t u ra l  b ra i n  
d e ve l op ment  i s  m ye l i na t i on .  Mye l in a t io n  in  t he  C N S  i s  ca r r i ed  
o u t  b y o l i go den dr oc yt e s  a nd  i s  a  ve r y s l o w pr oce s s .  Th e  
p re se nce  o f  m ye l in  ha s  been  n o te d  i n  t he  sp ina l  co rd  a t  t he  e nd  
o f  t he  f i r s t  t r ime s t e r  an d  p r oce e ds  ca ud o -r o s t r a l l y  ( 21 8) .  In  t he  
C N S ,  a f fe ren t  t r ac t s  bec ome  m ye l i na t e d  ea r l i e r  t ha n  m oto r  
p a th wa ys .  The  ve s t ib u le - s p i na l  t r ac t s  bec ome  m ye l ina t ed  a t  t he  
e nd  o f  t he  sec on d  t r ime s t e r ,  w he rea s  t h e  p yr a mida l  t r ac t s  be g in  
a t  t h e  e nd  o f  t he  th i rd  t r ime s t e r  a nd  a re  no t  co mple t ed  u n t i l  
a bo u t  t w o  ye a rs .  Co r t i c a l  a s so c i a t i on  f i b r e s  a re  t he  l a s t  t o  
b ecom e  m ye l i na t e d .  At  b i r th  t he  h uma n  bra i n  i s  r a th e r  immat ur e  
w i t h  re ga rd  t o  t he  e x t e n t  o f  m ye l i na t i on .  T he  ra t e  o f  dep o s i t i on  
o f  m ye l in  i s  g rea t e s t  du r in g  the  f i r s t  t w o  po s t na t a l  ye a r s .  Age -
r e l a t e d  c han ge s  in  w hi t e  ma t t e r  m ye l i na t i on  co n t i nue  d ur i ng  
c h i ld ho od  an d  ad o le sce nce  (2 19 ) .  I t  i s  imp or t an t  t o  no te ,  f o r  
s t ruc t u ra l  s t ud i e s ,  t ha t  t he  ap pea ran ce  o f  m ye l i n  on  MR I  l a gs  
o ne  mo nth  b eh i nd  th e  h i s to l o g ica l  f i nd in gs  ( 22 0) .   
C a se y e t  a l . ,  20 00 ,  o u t l i ned  s ome  of  t he  M R I s t ud ie s  t o  da t e  t ha t  
h a ve  a t t em pt e d  t o  e xami ne  po s t na t a l  b ra in  de ve l opm ent  an d  to  
l i nk  wi th  c o gn i t i ve  de ve l op me nt  ( 22 1) .  Som e  o f  t h e  mo st  
c on s i s t e n t  f i nd in gs  re ga rd in g  b ra i n  ma tu ra t i on  c ome  f rom 
vo l ume t r i c  M R I  s tu d ie s  an d  i den t i f y:   
▪  A l ack  o f  an y s i gn i f i ca n t  cha nge  i n  ce re bra l  vo l um e  a f t e r  
f i ve  ye a r s  o f  a ge  (2 22 ,  22 3)  
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▪  A s i gn i f i ca n t  dec rea se  in  co r t i ca l  g re y m a t t e r  a f t e r  1 2  
ye a r s  ( 22 4)  
▪  An  i nc re ase  i n  ce re bra l  w hi t e  ma t t e r  t h ro u gho ut  ch i ld ho od  
a nd  yo u n g  ad u l t ho od  ( 22 5 -22 7)  
R e gi ona l l y,  a s  d i scu s se d  ab o ve ,  t h e  p re f r on ta l  co r t ex  a ppe a r s  t o  
b e  o ne  o f  t he  l a s t  b ra i n  r e gi on s  t o  ma t ure .  T h i s  ha s  ma de  s k i l l s  
a t t r i bu ta b le  t o  t h i s  r e g io n  a  t a rge t  fo r  s tu d y in  o rde r  t o  e xami ne  
t he  re l a t i o n sh i p  be t we en  s t r uc tu ra l  de ve l op men t  a nd  c o gn i t i ve  
d e ve l op ment .   
T he  f i r s t  f MR I  s tu d y lo ok i n g a t  a  t yp i ca l l y  d e ve l op i n g  pae d ia t r i c  
p o pu la t io n  e xami ned  p re f ro n ta l  ac t i va t io n  i n  c h i ld re n  a ged  9 -11  
ye a r s  pe r f o r min g  a  w or k in g  mem or y t a sk  (2 28 ) .  Th e  re su l t s  
d emo n st ra t ed  re l i a b l e  ac t i va t i on  in  t he  d or so l a t e r a l  p re f ro n ta l  
c o r t e x  an d  th e  a n t e r io r  c i n gu la t e  c or t e x  an d  re f l ec t e d  f i nd in gs  in  
p re v io u s  ad u l t  s t ud ie s ,  a l t h ough  t he  pe rce n t a ge  c han ge  was  
h i ghe r  i n  c h i l d re n .  T h i s  s t ud y w a s  l imi t ed  in  s i ze  t o  s i x  c h i l d ren  
a nd  u sed  a  wo rk i n g  mem or y t a sk  de s i gne d  fo r  a du l t s ,  whi ch  
f u r the r  l im i t ed  the  e x t e n s io n  o f  t h i s  t e s t i n g to  yo u n ge r  a ge  
g r o up s . .  T he  sa me  au t ho r s  pe r fo r med  a n  f MR I  s t ud y w h er e  a du l t s  
a nd  c h i ld ren  (7  -  12  ye a r s )  pe r fo rme d  a  t a sk  o f  a t t e n t i on  and  
i nh i b i t i on  a nd  f ou nd  re l i ab l e ,  an d  s imi l a r l y l oca l i se d ,  ac t i va t i on  
i n  t he  p r e f ro n ta l  c o r t e x .  Aga in ,  t he  vo l ume  of  ac t i va t io n  was  
s i gn i f i ca n t l y h i ghe r  i n  c h i l d re n  ( 22 9) .  Th e y a l s o  ide n t i f i ed  tha t  
ce r t a i n  l e ve l s  o f  ac t i va t i on  in  pa r t i c u l a r  l oca t i on s  co r r e l a t ed  
w i t h  beha v i ou ra l  pe r f o rma nce .  Whi l e  t he y h a ve  p io nee re d  th e  
u se  o f  t h i s  t e c hn o l o gy f o r  e xp l o r in g  de ve l opme nt ,  t he  s t ud i e s  a re  
l i mi t ed  in  t he i r  gene ra l i zab i l i t y .  The y d o  no t  gi ve  a n  in d ica t ion  
o f  de ve lo pme nta l  t r a j ec t o r y o ve r  t i me ,  a r e  l i mi t e d  due  to  t he  
r an ge  o f  ap pr op r i a t e  t a sk s  a va i l ab l e  an d  the  co ope ra t i on  o f  
yo u n ge r  ch i ld ren  to  u nde r go  the  p r oce s s .   
EE G h as  a l s o  bee n  u se d  to  be g in  t o  gi ve  u s  i ns i gh t s  i n t o  ho w  th e  
b ra i n  d e ve l op s  in  l i ne  wi th  co gn i t i ve  ch an ge s .  Hu d sp e th  and  
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P r ib ram ,  19 90 ,  ga ve  s ome  in s i gh t  i n t o  t he  ea r l y u s e  o f  EE G f or  
t h i s  p ur po se  (2 30) .   By q u a n t i f yi n g  c han ge s  in  t he  EEG  
f re que nc y s p ec t r um  o ve r  t ime  (Q EE G)  o f  5 61  no rma l ly -
d e ve l op in g  c h i ld re n  a ge d  1  -  21  ye a rs  ac ro s s  m ul t i p l e  r e g io n s  o f  
t he  c ra n iu m the y f o un d  th a t  t he  b ra i n  ex h ib i t ed  f i ve  pe r i od s  o f  
i nc re as ed  ma t ur a t io n  ra t e s  i n t e r s pe r sed  wi th  p e r i od s  o f  p l a t ea u .  
T he y s u gge s t ed  t ha t  t he  t imin g  o f  t he se  peak s  o f  c han ge  
c or re sp on ded  to  o r  s l i gh t l y p r eced ed  t he  ob se r ved  s t a ge s  o f  
d e ve l op ment  a s  des c r i bed  b y P ia ge t .  In t e re s t in g l y t he y fo und  
t ha t  m a tu ra t i on  pa t t e rn s  w ere  s yn c hr on i se d  ac ro s s  a l l  b ra in  
r e gi on s  in  t he  f i r s t  d ecade  o f  l i f e  bu t  t he n  be ga n  t o  sh ow  
r e gi ona l l y i n de pen den t  va r i a t i o n s .  Th e  f i f t h  s t a ge  occ ur red  
b e t ween  18  -  2 1  ye a r s  a nd  wa s  a lm o st  e xc lu s i ve l y ap pa ren t  i n  
t he  f ro n ta l  r e g i on s .  T he se  p o s t -p u be r t a l  pe ak s  a lm o st  f o l lo w  a  
p o s t e r io r  t o  an t e r i o r  se que nce ,  mi r r o r i n g the  kn o wn a na t omica l  
ca ud or o s t a l  p r o gre s s io n  o f  ma t ura t io n  me nt i one d  a bo ve .  Th i s  
f i n d in g  ho we ve r ,  o f  s yn ch ro n i se d  ma tu ra t i on  f o l lo we d  b y l a t e r  
a s yn c hr on ou s  ma t ura t io n ,  m a y p ro v i de  f u r t he r  s up po r t  f o r  t he  
n eu roc on s t ruc t i v i s t  t heo r y ,  i nd i ca t in g  t ha t  i t  i s  on l y w i th  t ime  
t ha t  t h e  c h i l d ’ s  b ra i n  bec ome s  in c rea s i n gl y s p ec i a l i sed  a nd  
l oca l i se d  in  fu nc t i on .  The  s t r eng t h  o f  t h i s  w or k  i s  t ha t  i t  see ks  
t o  de t e rmi ne  the  t r a j ec t o r y o f  d e ve l op ment  r a th e r  t h an  ma king  
i n t e r p r e t a t i on s  o ve r  a  l imi t e d  a ge  ra n ge .   
 
1 . 6 . 7  M o lecu l a r  ge ne t i c s  an d  c o gn i t i ve  de ve l opme nt  
In  t h e  g r ea t  de ba te  e xami n in g  th e  re l a t i v e  i n f lue nce  o f  ge ne t i c s  
a nd  t he  e n vi ro nme nt  o n  t he  ind i vi dua l  d i f fe re nce s  be twe en  ou r  
c o gn i t i ve  ab i l i t i e s ,  t wi n  s tu d ie s  ha ve  co n t r ib u ted  g rea t l y  t o  t he  
d i scu s s i on .  The  o ve rw he lm in g ,  i f  f r u s t ra t i n g ,  c onc lu s i on  we  
h a ve  been  l e f t  wi t h  i s  t h a t  bo th  c on t r i bu te  s i gn i f i ca n t l y,  i f  
va r yi n g l y,  t o  t he  in d i vi du a l  d i f fe renc es  w hen  e xami n i n g a  s i n gle  
t r a i t  ( 20 4) .   
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T hr ou gh  ca nd i da t e  ge ne  s tu d ie s  ma n y a s soc i a t i on s  w i th  co gn i t i ve  
a b i l i t y  h a ve  been  ma de  th ou gh  fe w  ha ve  bee n  rep l i ca t e d  (2 31 ,  
2 3 2) .  T he  f o l l ow in g  a re  exa mp le s  o f  s i n gle  gene s  l i nke d  to  
i n t e l l i ge nce  o r  sp ec i f i c  a b i l i t i e s  t h a t  ha ve  been  i den t i f i e d .  
C h or ne y e t  a l . ,  1 99 8 ,  ha s  l i nke d  IG FR 2  o n  c hr omo s ome  6  to  
acc ou n t  f o r  2 %  o f  t he  va r i a nce  in  i n t e l l i ge nce  ( 23 3) .  Be rmann  
a nd  No ble ,  1 99 5 ,  i den t i f i ed  th e  D 2  D opami ne  Re cep t o r  gen e 
( D R D2 )  a s  a s soc i a t ed  wi t h  sp a t i a l  a b i l i t i e s  bu t  n o t  ge ne ra l  
i n t e l l i ge nce  ( 23 4 ,  23 5) .  He nd e rs o n  e t  a l . ,  19 95 ,  n o ted  t ha t  t he  
Ap o l i po pr o te i n  E  ( AP O E)  ge ne  a ppea r s  t o  be  a s so c i a t e d  w i th  
mem or y a n d  sp eed  o f  p r oce s s ing  ( 2 36 ) .  AP O E  a l l e l i c  e xp re s s ion  
h as  a l so  b een  i mpl i c a t ed  in  r e s po n se  t o  t r a uma t i c  b r a in  i n j u r y i n  
t he  pae d ia t r i c  p op u la t i on  (2 37) .  Al th ou gh  m ul t i p l e  mo no ge n ic  
ca u se s  o f  co nd i t i o n s  a s s oc i a t ed  wi t h  de ve lo pme nta l  de l a y e .g .  
P KU ,  Tr i s om y 2 1  e t c .  ha ve  been  i den t i f i e d ,  n one  ha ve  g i ven  us  
i n s i gh t  i n t o  t he  ge ne t i c  ba s i s  fo r  t he  fa r  m or e  c ommon  
d e ve l op ment a l  de l a y s ee n  i n  o the rw i s e  hea l t h y ch i ld ren  ( 23 2) .  I t  
n o w seem s mo re  l i ke l y th a t  m os t  o f  w ha t  we  re fe r  t o  a s  ‘ l ea rn in g  
d i sab i l i t y’  i s  m ore  ac cu ra t e l y re pre se n te d  a s  t he  lo w e nd  o f  t he  
n or ma l  d i s t r i bu t io n  o f  l ea rn i n g a b i l i t y  a nd  ca u sed  b y the  same  
D N A va r i a n t s  (2 32 ) .   
M o re  re cen t l y t h e  ge ne t i c  l oc i  a s soc i a t e d  wi th  co gn i t i ve  ab i l i t y  
h a ve  bee n  de t e rmi ned  u s i n g mul t i va r i a t e  ge ne t i c  r e sea rc h  r a the r  
t han  p re vi ou s  un i va r i a t e  ana l ys i s  (2 04 ) .  M ul t i va r i a t e  gene t i c  
a na l ys i s  f ocu se s  on  the  co va r i an ce  be t ween  t wo  o r  mo re  t r a i t s  
a nd  e s t ima te s  t he  ex t e n t  t o  w hic h  gene t i c  f ac to r s  t ha t  a f fe c t  o ne  
t r a i t  a l so  a f fec t  a no t he r  t r a i t .  Hi gh  gene t i c  co r re l a t i o n ,  i . e .  
w he the r  t he  s ame  ge ne s  a f fec t  b o th  mea s ure d  t r a i t s ,  ha s  been  
f ou nd  b e t ween  rea d i n g ,  l a n gua ge  a nd  ma t hema t i ca l  a b i l i t i e s .  
T he se  h i gh  gene t i c  c o r re l a t i on s  i nd ic a t e  t ha t  t he re  i s  s ub s t a n t i a l  
ge ne t i c  o ve r l a p  b e t ween  d i f fe ren t  t yp e s  o f  l ea r n in g  a b i l i t i e s  and  
d i sab i l i t i e s .  T h i s  ha s  l e d  to  t he se  be i n g  r e fe r re d  t o  a s  ‘ ge ne ra l i s t  
ge ne s ’  (2 38 ) .  Mo st  o f  t h e  mu l t i va r i a t e  ana l ys i s  ha s  t e s t ed  
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ge ne ra l  a b i l i t y ,  t he  co ncep t  o f  i n t e l l i gen ce ,  o r  g  due  t o  i t s  h i gh  
h e r i t ab i l i t y .  A re vi ew  b y D ea r y  e t  a l . ,  20 06 ,  c onc lu de s  t ha t  “ t he  
ge ne s  fo r  i nd i v i dua l  d i f fe re nces  i n  a b i l i t y  a re  o f t e n  gene ra l  i n  
e f fec t :  t h a t  i s  j u s t  a s  g  i s  a ss oc i a t ed  wi t h  d i ve r se  co gn i t i ve  and  
b io l o g ica l  fu nc t i on s ,  t he  gene s  un de r l yi n g  d i f f e re nce s  i n  g  
t hem se l ve s  mi gh t  a f fec t  b r a in  s ys t em s ,  r a the r  t han  be i n g  spec i f i c  
f o r  o ne  o r  j u s t  a  f e w co gn i t i ve  m od ule s”  (2 31 ) .  The y s u gge s t  
t ha t  t o  p ro gr e s s  t he  f i e l d  i n  t he  un de r s t a nd in g  o f  d i v e r se  
c o gn i t i ve  ab i l i t i e s ,  i n i t i a l l y  s t ud ie s  sh ou l d  f ocu s  on  t he  
e xami na t i on  o f  gene ra l  ab i l i t y .   
T wo  ge ne t i c  co nce p t s  a re  k e y t o  un de r s t a nd in g  t he  b as i s  and  
p o s s ib l e  i mpl i c a t io n s  o f  r e se a rch  t o  da t e :  
▪  P le i o t r op y –  a  gene  a f fec t s  ma ny t r a i t s  
▪  P o l yge n ic i t y  –  ma n y ge ne s  a f fe c t  a  t r a i t  
T o ge t he r  t he se  co nce p t s  s u gges t  t h a t  ge ne t i c  i n pu t  i n t o  b r a in  
s t ruc t u re  i s  ge ne r a l  no t  m od ula r ,  c on s i s t e n t  wi th  d oma i n -ge ne ra l  
o r  ne ur oco n s t r uc t i v i s t  t he or y o f  c o gn i t i ve  de ve lo pme nt .   
T he  s up po r t  f o r  p o l yge n ic i t y  i n  c o gn i t i ve  ab i l i t i e s  i s  ba se d  on  
t he  q ua n t i t a t i ve  d i s t r i b u t io n  o f  t he se  sk i l l s  r a the r  t h an  th e  
d i ch o to mo us  d i s t r i bu t io n  seen  i n  Me nde l i an  s in g le -ge ne  
d i so rde rs  (2 32 ) .  Th i s  i s  no w ge ne ra l l y  ac cep t ed  t o  be  the  ca se  
w i t h  man y c o mmo n  d i s o r de r s .  O ne  o f  t he  co n seq uen ce s  o f  
p o l yge n ic i t y  i s  t ha t  eac h  in d i v id ua l  gene  wi l l  o n l y h a ve  a  sma l l  
e f fec t .  T o  em pha s i se  t he  co n t ra s t  wi t h  s i n gle  ge ne  d i s o r de r s ,  
t he se  mul t ip l e  gene t i c  va r i a n t s  o f  sm a l l  e f fec t  a r e  c a l l ed  
q ua n t i t a t i ve  t r a i t  l oc i  ( QT Ls )  ( 20 4 ,  23 2) .  The  us e  o f  QTL 
t e rmi no l o gy a l s o  h as  co nce p tua l  i mpl i ca t i on s  a s  i t  d oe s  no t  l im i t  
e xp l o ra t io n  t o  pu re l y t he  co d in g  se c t io n s  o f  DN A.  
Ge n e  ex pr e s s i on  ma ppi n g th rou gh  mic roa r ra y a na l ys i s  s tu d ie s  
h as  a l l o wed  u s  t o  s ee  p l e i o t r op y  in  ac t i on  an d  ha s  p ro v i ded  s ome  
ea r l y s up po r t  fo r  t he  gene ra l i s t  ge ne  h yp o t he s i s  ( 23 8) .  Ko vas  
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a nd  Plom in ,  20 06 ,  su gge s t ed  th ree  po s s i b l e  mec han i sm s  b y  
w h ich  gen e ra l i s t  ge ne s  ma y w o rk  p l e io t ro p ica l l y  i n  t he  b ra in  
(F ig u re  1 . 6 )  (2 38 ) .  The  f i r s t  t ha t  ge ne s  wo ul d  wo rk  s pec i f i ca l ly  
o n  one  loc a t io n  wi t h i n  th e  b ra i n  b u t  gen e ra l l y  a t  a  c o gn i t i ve  
l e ve l  seem s  m os t  un l ike l y a s  ev i de nce  t o  da t e  seem s  t o  s up por t  
t he  wid es pr ead  ex pre s s io n  o f  ca nd ida t e  ge ne s  i n  m ul t i p l e  
l oca t i on s .  The  sec on d  i s  t ha t  gene s  ac t  a t  m ul t i p l e  b ra in  
s t ruc t u re s  an d  f unc t io n s  b u t  t ha t  each  o f  t h e s e  o n l y a f fec t s  a  
s pe c i f i c  c o gn i t i ve  p r oce s s .  The  th i rd  mec han i sm  i s  t ha t  ge nes  
a f fec t  mu l t ip l e  s t r uc t u re s  an d  f un c t io n s ,  w hic h  i n  t u rn  a f fec t  
m ul t i p l e  co gn i t i ve  p r oce s se s .  T he  b r a in  p roc es se s  t ha t  co u ld  
me dia t e  e i t he r  t he  sec on d  o r  t h i r d  me cha n i sm i nc l ude  gen e t i ca l ly  
i nd uced  e f fec t s  on  ne ura l  p l a s t i c i t y ,  de nd r i t i c  c ompl ex i ty,  
m ye l i n i sa t i on  an d  s peed  o f  ne r ve  co nd uc t i on  ( 20 4) .  T h i s  l i n k s  i n  
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P l omin  a nd  co l l ea gue s  e s t ab l i s he d  t he  IQ  QT L p r o jec t  t o  i de n t i fy  
s o me  o f  t he  gene s  re sp on s i b l e  fo r  t he  he r i t a b i l i t y  o f  i n t e l l i gence  
( 23 9) .  T he y mea su red  a l l e l i c  f r eq ue nc y in  o r  nea r  ge ne s  l i ke l y to  
b e  r e l e va n t  t o  neu ra l  f unc t i on in g  i n  u s i n g  p oo le d  D N A of  
c h i ld re n  a ged  6  -  1 2  ye a r s  o f  a ge  c om par i n g  th o se  wi t h  h i gh  and  
l o w IQ.  In i t i a l  w ork  wa s  p r omi s i n g ,  i de n t i f yi n g  a l l e l i c  f r eq uenc y  
d i f fe re nce s  be t ween  the  h i gh  an d  l o w IQ gr ou ps  in  a  ne w H LA  
ma rke r  an d  a  ne w  b ra i n -e xp re s sed  t r i p l e t  r ep ea t  mar ke r  
( CT GB3 3 ) .  Ho we ve r ,  p r o gre s s  ha s  been  e x t reme l y s lo w ,  pe rha ps  
r e l a t e d  t o  e f fec t  s i ze s  o f  QT Ls  b e i n g e ve n  sma l l e r  t han  
p re v io u s l y ex pec te d  (2 32 ) .   
Fu t u r e  re se a rc h  ma y re qu i re  l a r ge  gen ome -w ide  s t ud ie s ,  w hich  
h a ve  the i r  ow n c ha l l e n ge s .  Th e  f i r s t  ge nome -w ide  l i n ka ge  s tu dy  
f o r  i n t e l l i gence  b y P o s th uma  e t  a l . ,  20 05 ,  f ou nd  QT Ls  fo r  IQ on  
c hr omo s ome  tw o  an d  s i x  c l o se l y r e l a t e d  to  l oc i  kn ow n to  be  
l i nke d  to  de f i ned  de ve l opm enta l  co nd i t i o n s  (2 40 ) .  Ad van cement  
o f  gene t i c  t e ch n iq ue s  u s i n g  mic roa r r a y,  ge nom e -wi de  a na l ys i s  
a nd  D N A p ool i n g  a s  we l l  a s  t h e  i nc r ea s in g  a wa ren es s  o f  t he  
i n f l uen ce  o f  e p i gene t i c  f ac to r s  f u r the r  ope n s  th e  u p  t he  f i e l d  o f  
m olec u la r  gene t i c s  t o  c on t r ib u t e  t o  o ur  u nd e r s t a nd i n g  o f  
c o gn i t i ve  de ve lo pme nt .  We  a re ,  h o we ve r ,  s t i l l  f a r  f r om 
u n de r s t a nd i n g  the  com ple x  in f l uenc e  th a t  QT Ls  ha v e  on  the  
d e ve l op ment a l  t r a j ec t o r y o f  d i f f e re n t  co gn i t i ve  ab i l i t i e s  a s  t h i s  
w i l l  r eq u i re  l oo k i n g  a t  d o wn st ream  t a r ge t s  a nd  l i n k in g  in t o  the  
n eu ro b io l o g ica l  ma t ura t i on  o f  t he  b ra in  ( 20 4) .   
 
1 . 6 . 8  C l in i ca l  ap p l i ca t io n  
Fr o m  a  c l i n i ca l  pe r s pec t i ve ,  i t  i s  im po r t a n t  t o  ha ve  a  
f un dame nta l  u nde r s t an d i n g o f  t h e  t yp ic a l l y  de ve l op i n g b r a i n  to  
g i ve  be t t e r  com pr ehe ns io n  o f  t h e  wa y d i f f e re n t  pa th o lo g ie s  can  
im pac t  t h i s  p r oce ss .  I t  i s  c l ea r  t ha t  co gn i t i ve  de ve lo pmen t  
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i n vo l ve s  mul t i l e ve l  c ompl ex i t i e s  wh ich  mu st  be  a pp roac he d  f rom 
m ul t i p l e  d i sc i p l ine s .  De ve lo pme nta l  de l a y i s  m o s t  s u i t a b ly  
ma na ge d  f rom  a  m ul t i d i sc i p l i na r y a pp roac h  an d  i t  i s  vi t a l  t ha t  
c l i n i c i an s  can  be ne f i c i a l l y  c on t r i bu te  t o  t he  d i a l o gue .   
S o  m uch  o f  o ur  p rac t i ce  i s  ba se d  on  t heo r i e s  an d  ‘e v i dence ’  
d e r i ved  f o r  i mpe r fec t  t e s t i n g p r oced ur es  an d  in t e r p re t a t ion s  
ma de  i n  t he  l i gh t  o f  a d vocac y o f  whi che ve r  t he or y s eem s mo st  
p l au s i b l e  t o  t he  ex pe r imen te r .  M an y p r e vi ou s  s t ud ie s  i n  t h i s  a rea  
a re  b i a sed  to wa rd s  one  o r  o the r  s i de  o f  t he  deb a te .  As  c l i n i c i a ns ,  
w e  nee d  t o  be  ab l e  t o  c r i t i c a l l y  ana l ys e  th i s  w or k  a nd  i n t e r p r e t  
t he  em pi r i ca l  e v id e nce  no w m ade  po s s i b l e  t h r ou gh  t ech no l o g ica l  
a d va nceme nt .   
T he  g ro wi n g  wo rk  i n  t h i s  a rea  m o ve s  t he se  p re vi ou s l y d i s pa r a t e  
d i sc ip l ine s  c l o se r  t o ge the r  t o wa rd s  an  e v i dence  ba sed  a pp roa ch  
t o  un de r s t a nd in g  c h i l dh oo d  l e a rn in g  a b i l i t y  an d  henc e  d i sab i l i t y .  
Wh i l e  t he r e  i s  s t i l l  s ub s t a n t i a l  w or k  l e f t  t o  be  do ne ,  c ro s s -
d i sc ip l ina r y c o l l a bo ra t i on  wi l l  b e  v i t a l  i n  p ro gre s s i n g  t he  f i e ld   
o u t  o f  wh ich  c l i n i c i a n s  wi l l  ga i n  a n  i mp ro ved  u nde r s t an d i n g  o f  
h o w we  ca n  be t t e r  he lp  o ur  p a t i en t s .  
 
1 .7  Summary 
T he  ab o ve  sec t i on s  f o rm  t he  kn ow le d ge  b ase  req u i re d  to  p ro gre ss  
t he  a i ms  o f  t h i s  t he s i s .  A t ho ro u gh  u nd e r s t a nd i n g  o f  t he  
p a th op h ys i o lo gy o f  i n ju r y i n  pe r i na t a l  a sp h yx ia ,  t he  kn ow n 
o u tc ome  i n  t he se  h i gh -r i s k  i n fan t s  an d  t he  cu r re n t  s t a t e  o f  t he  
a r t  fo r  ou tcom e  pre d ic t i on  mu s t  be  e s t ab l i s hed  i n  o r de r  t o  
d e ve l op  ne w t oo l s  fo r  p r o gnos t i ca t io n  i n  pe r in a t a l  a s ph yx ia .  
Fu r t h e r  d i scu s s i on  o f  t he  b io l o gica l  p l a u s ib i l i t y  o f  t he  p re se n ted  
p ro mi s in g  b iom ar ke r s  i s  d i sc u sse d  i n  C hap te r s  2  a nd  3 .  Li k ew i se  
a n  un de r s t an d in g  o f  c u r ren t  a ss e s sm ent  t o o l s  an d  n orma l  
c o gn i t i ve  de ve l opme nt  i n  ch i ld ren  i s  nece s sa r y f o r  t he  
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d e ve l op ment  o f  a  n o ve l  t oo l  fo r  co gn i t i ve  a s se s sme nt .  Fu r t he r  
d i scu s s i on  o f  t h e  l imi t a t io n s  o f  c u r r en t l y a va i l a b l e  t o o l s  fo r  
n eu ro de ve lo pmen ta l  a s se s sme nt  i s  i nc l ude d  i n  Cha p te r s  4  an d  5 .  
R a t io na le  f o r  des i gn  o f  t h e  p r op o sed  no ve l  co gn i t i ve  a s se ss men t  
t oo l  i s  d i sc us se d  in  C hap te r s  5  an d  6 .     
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2.0  Cord Blood Proteins and 
Neurodevelopmental  Outcome in Perinatal  
Asphyxia 
 
P ub l i ca t i on s  a r i s i ng  f ro m  th i s  ch a p te r :  
“ C o rd  B l oo d  IL -1 6  i s  A s soc ia t ed  wi th  3 - Ye a r  
N eu r odeve lo pm ent a l  O utco me  i n  Pe r in a ta l  A s phyx ia  a nd  
H yp ox ic - I sc hae mi c  E nce ph a lo pa t hy ”  
C a ro l ine  E  Ahe a rne ,  R ub y  Y C ha n g ,  B r ia n  H  Wa l sh ,  Ge ra l d i ne  B  
B oy la n ,  De i rd re  M  M u r ray  
D eve l op me nt a l  Neu r o sc i en ce .  2 01 7 .  ( In  P re s s)  
a n d  
“ G l i a l  F ib r i l l a ry  Ac id i c  P r o te i n  i s  no t  a n  e a r l y  m a rke r  o f  i n j u ry  
i n  pe r in a ta l  a sp hyx ia  a nd  h yp ox ic  i sch ae mic  enc ep ha l op a th y ”   
L o on ey  A -M ,  A he ar ne  C ,  B oy la n  GB ,  Mu r r ay  D M.   
F r on t i e r s  i n  Ne u ro lo gy .  2 01 5;  Dec  2 1; 6: 62 4 .  
a n d  
D o wn st re a m mR NA ta rge t  an a ly s i s  i n  ne on a ta l  hyp ox ic -
i sc hae mic  e ncep ha l op a t hy  i de n t i f i e s  n ove l  ma rke r  o f  seve re  
i n ju ry :  a  p ro o f  o f  co ncep t  pa pe r .   
A M.  Lo oney ,  CE .  A hea r ne ,  B .  Ha l lbe r g ,  GB.  Bo y la n ,  DM .  Mu r ray  
M olec u l ar  N eu ro b i o lo gy .  2 01 6  D ec  1 2  (Ep ub  a hea d  o f  p r i n t )   
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T he  f o l lo wi n g  wo rk  wa s  ca r r i e d  o u t  a s  pa r t  o f  t he  Bi HIV E  S tu dy  
( Bi omar ke rs  fo r  Hyp o x ic - I s ch aemic  E ncep ha l opa t h y) .  T he  
o ve ra rc h i n g a i m o f  t h i s  s tu d y ha s  be en  t o  i den t i f y p rom i s ing  
b ioma rk e r s  mea su re d  in  u mbi l i ca l  c o r d  b l oo d  a t  b i r t h  fo r  t he  
p re d ic t i on  o f  i n j u r y s e ve r i t y  i n  i n fa n t s  wi t h  pe r ina t a l  a s ph yx ia .   
 
T he  s t ud y w a s  de s i gn ed  to  h ave  m ul t i p l e  p ha se s  s t a r t i n g  wi th  
b ioma rk e r  d i sc o ve r y,  co n t in u in g  to  b i oma rke r  va l i da t i on  and  
d e ve l op ment  o f  a  p o in t  o f  ca re  de vic e  f o r  b io mar ke r  
mea s ure ment  a t  t he  co t - s id e .  A p ane l  o f  b i oma rke r s  se n s i t i ve  and  
s pe c i f i c  fo r  t h e  p re d ic t io n  o f  se ve r i t y  o f  e nce pha lo pa th y i n  
i n fa n t s  wi th  pe r in a t a l  a sp h yx ia  w ou ld  su pp or t  c l i n i ca l  dec i s i on  
ma kin g  an d  gu ide  ma na gemen t  de c i s io n s  i n  t he  ca re  o f  t he se  
i n fa n t s .   
 
T he  b i oma rke r  d i sc o ve r y p ha se  ( Bi HIV E  1)  fo l l o wed  rec r u i tme nt  
o f  i n fa n t s  f ro m 2 00 9  to  2 01 1  i n  C or k  Uni ve rs i t y  Ma t e r n i ty  
Ho s p i t a l ,  C or k ,  I r e l a nd .  Samp le s  o f  um bi l i ca l  c o r d  b lo od  
c o l l ec t ed  f rom  t he se  in fa n t s  w er e  e xami ne d ,  u s i n g  a  s ys t em s 
b io l o gy a p pr oac h  ac r o ss  fu nc t i on a l  l e ve l s ,  fo r  po ten t i a l l y  u s e f u l  
b ioma rk e r s  i n  l i ne  wi th  t he  a im s  o f  t he  s tu d y.  Pr omi s in g  
b ioma rk e r s  t ha t  we re  sh o wn  to  be  p re d ic t i ve  o f  c l i n i ca l  o r  
e l e c t r o grap h ic  g rade  o f  e nce ph a lo pa t h y w ere  the n  t e s t ed  f o r  
t he i r  a b i l i t y  t o  p re d ic t  ne ur ode ve lo pme nta l  o u tco me  i n  e a r l y  
c h i ld ho od .   
 
T h i s  cha p te r  p re sen t s  t he  re su l t s  o f  t h a t  wo rk  i nc l ud i ng  
b ioma rk e r s  f rom  t he  p ro t e omic  a nd  t r an sc i p to mic  f unc t io na l  
l e ve l s .  Cha p te r  t h ree  wi l l  p re sen t  t he  re s u l t s  o f  b ioma rke r s  f r om 
t he  me ta bo l ome  f o r  a b i l i t y  t o  p r ed ic t  neu ro de ve lo pme nta l  
o u tc ome .    
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2 .1  IL-6 and IL -16 for the pred ic t ion o f  
neurodeve lopmental  ou tcome in per ina ta l  asphyx ia  
 
2 . 1 . 1  Ab s t rac t  
Ac t i va t i on  o f  t h e  i n f l ammat or y p a t h wa y i s  i nc rea s i n gl y  
r eco gn i zed  a s  a n  imp or t an t  mec ha n i sm  o f  i n j u r y f o l l o wing  
n eo na ta l  a s ph yx i a  a nd  encep ha l opa th y.  T h i s  p r oce s s  ma y  
c on t r ib u te  t o  a  po or  p r o gno s i s  i n  s ome  c as es ,  d e s p i t e  t he rap eu t i c  
h yp o t he rm ia .  O ur  g ro up  ha s  p r e vi ou s l y i den t i f i ed  ra i sed  
i n t e r l eu k in -6  a nd  in t e r l e uk i n -16 ,  mea s ure d  in  um bi l i ca l  co rd  
b lo od  a t  b i r t h ,  t o  be  p red ic t i ve  o f  g rade  o f  h yp o x i c - i sc haemic  
e ncep ha l opa t h y.   
 
O u r  a im  in  t h i s  s t ud y w a s  to  e xami ne  the  a b i l i t y  o f  t he se  
c yt o k in es  t o  p red ic t  t h r ee -ye a r  neu ro de ve lo pme nta l  o u tcom e  in  
t he  same  co ho r t . As  pa r t  o f  a  p ro s pec t i ve ,  l on g i tu d i na l  c oh or t  
s t ud y s e t  i n  a  s in g le  t e r t i a r y ma t e r n i t y  u n i t ,  t e rm  in fan t s  wi t h  
b ioc hemic a l  a nd  c l in i ca l  e v i den ce  o f  p e r i na t a l  a sp h yx ia  were  
r ec r u i t e d  a t  b i r t h .  Um bi l i ca l  c o r d  b l oo d  wa s  co l l ec t e d  an d  
a na l ys e d  fo r  i n t e r l eu k in -6  an d  i n t e r l eu k i n -16  u s in g  a  Lu mi nex  
a s sa y.  Ne ur ode ve l opme nta l  ou tcom e  o f  t he se  i n fa n t s  was  
a s se s sed  a t  t h ree  ye a r s  u s i n g  th e  Ba yl e y S ca l e s  o f  In f an t  a nd  
T od dle r  De ve lo pmen t  (Ed i t i o n  3 ) .   
 
Ea r l y c or d  b l oo d  m ea su remen t  o f  IL -6  a nd  IL-1 6  an d  lo n g  t e rm 
o u tc ome  w as  a va i l a b l e  i n  33 /69  i n fa n t s .  Medi an  ( IQ R)  IL -1 6  
d i f fe re n t i a t ed  in fa n t s  wi t h  a  se ve re l y ab no rma l  o u tc ome  ( n=6 )  
c ompa re d  t o  a l l  o th e r s  (n =2 7) ,  [ 64 6  (4 66 -1 08 5)  p g /m L vs .  3 8 3 .5  
( 28 4 -49 4)  p g /m L,  p = 0. 01 2] .   
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I L-1 6  l e ve l s  we re  a b l e  t o  p red ic t  a  se ve re  o u tc ome  wi t h  an  
AU R O C  ( C I )  o f  0 .8 27  (0 . 6 28 -1 . 00 0) ,  p=0 .0 14 .  Le ve l s  
≥ 51 4p g/m L p r ed i c t ed  a  se ve re  ou tcom e  wi th  a  se ns i t i v i t y  o f  8 3% 
a nd  a  s pec i f i c i t y  o f  8 1% .  IL -1 6  a l s o  o u tpe r f o r med  o the r  r ou t ine  
b ioc hemic a l  ma rke r s  a va i l a b l e  a t  b i r t h  f o r  t he  p red ic t io n  o f  
s e ve re  o u tc ome .   
 
Ap ga r  sco re s  a t  1  a nd  1 0  min u te s  w e re  a l so  p red ic t i ve  o f  a  
s e ve re  o u tc ome ,  p =0 .0 22  an d  0 .0 3 6  r e s pec t i ve l y.  A c om bina t ion  
o f  I L-1 6  w i th  the se  c l i n i ca l  mar ke rs  d i d  no t  imp ro ve  p re d ic t i ve  
va lue  bu t  I L-1 6  c om bine d  wi t h  EE G inc rea se d  the  AU R OC .  
In t e r l e uk i n -6  d i d  no t  s ho w  an y a s s oc i a t io n  w i th  t h r ee -ye a r  
o u tc ome .   
 
T h i s  i s  t he  f i r s t  r ep or t  s tu d yi n g  t he  a s s oc i a t i on  o f  i n t e r l eu k i n  16  
mea s ure d  a t  b i r t h  wi th  l o n g- t e rm ou tcom e  i n  a  co ho r t  o f  
n eo na te s  wi th  pe r in a t a l  a sp h yx ia .  In t e r l e uk i n  16  ma y b e  an  ea r ly  
b ioma rk e r  o f  se ve r e  i n ju r y a nd  a i d  i n  l o n g  t e r m p ro gn o s t i ca t i on  





2 . 1 . 2  In t ro duc t io n  
P e r ina t a l  a s ph yx i a  i s  one  o f  t he  m o st  comm on  ca u se s  o f  neo na ta l  
m or t a l i t y  an d  m or b i d i t y  w i th  20  pe r  10 00  de l i ve r i e s  r eq u i r ing  
s i gn i f i ca n t  r e s u sc i t a t i o n  ( 22 ) .  In  c ou n t r i e s  wi th  l o w ne ona ta l  
m or t a l i t y  r a t e s ,  1 . 6  pe r  10 00  o f  t h e s e  wi l l  go  on  t o  de ve lop  
h yp o x ic - i sc haem ic  e nce pha l opa th y ( HIE )  (1 ) .  On  a  g lo ba l  l e ve l ,  
HIE  ca u se s  n ea r l y o ne  mi l l i o n  n eo na ta l  dea th s  each  ye a r  (2 ) .  In  
c ou n t r i e s  wi th  acce s s  t o  t he  re s o urc e ,  t he rap eu t i c  h yp o t he rm ia  
h as  s i gn i f i can t l y imp ro ve d  mo r t a l i t y  an d  neu ro de ve lo pmen ta l  
o u tc ome s  in  i n fan t s  wi t h  m ode ra t e  an d  se ve re  HIE  (3 ,  11 ) .   
 
C u r re n t l y,  s t an da r d  man a geme nt  fo r  HIE  i s  t o  co mmen ce  
t he ra pe u t i c  h yp o t he rm ia  w i th i n  t he  f i r s t  6  h ou r s  o f  b i r th .  An  
ea r l y b i omar ke r  t o  gu ide  d i a gno s i s  an d  p ro gn os t i ca t i on  in  t he se  
i n fa n t s  co u ld  s up po r t  c l i n i ca l  d ec i s io n -maki n g  i n  t h i s  c ru c i a l  
t i mef rame .   
 
T he  r o l e  o f  i n f l amma t io n  in  neo na ta l  h yp o x ic - i scha emic  i n ju ry  
h as  l on g  been  r eco gn i zed ,  t h ou gh  in com ple t e l y d e f ine d .  
E xpe r ime nta l  mo de l s  o f  pe r i na t a l  i n ju r y ha ve  c on s i s t en t l y  s h o wn  
e v ide nce  o f  mic r o gl i a l  a c t i va t i on  i n  re sp on se  t o  h yp o x ia -
i sc haemia  fo l lo we d  b y t he  re l e a s e  o f  d i ve r se  i n f l a mmat or y  
me dia t o r s  i nc l ud i n g  c yt o k i nes  (1 7) .  T he  e f f ec t  o f  t h i s  
i n f l a mmat or y r e sp on se  i s  p o te n t i a l l y  e i t he r  a d va n ta geo us  o r  
d e l e t e r io u s  a nd  de ba te  c on t in ues  on  the  e f fec t  o f  t h i s  ba l a nce  in  
ma n y f o rm s  o f  CN S  in j u r y  (2 41 ) .  Ra i s ed  in f l amma to ry  
me dia t o r s ,  i nc lu d i n g in t e r l e uk i n -6  ( IL-6 ) ,  mea s ure d  i n  po s t na t a l  
b lo od  a nd  C S F s amp le s ,  a s  w e l l  a s  on  m a gne t i c  r e so na nce  
s pe c t r o sco p y ,  ha ve  p r e vi ou s l y b ee n  s ho w n to  be  a s so c i a t e d  wi th  
a d ve r se  o u tc ome s  ( 24 2 -24 4) .  In f l ammat io n  an d  in fec t io us  
s en s i t i sa t i on  ap pea r s  t o  i nc reas e  i n j u r y,  an d  ma y a l s o  red uce  




Wo r k  p re vi ou s l y p u b l i she d  b y o ur  g r ou p ,  fo l lo wi n g  a na l ys i s  o f  
m ul t i p l e  ca nd ida t e  ana l yt e s ,  r epo r t e d  t wo  c yt ok ine s  m ea sur ed  in  
u mbi l i ca l  co rd  b lo od ,  i n t e r l euk in -6  ( I L-6 )  a nd  in t e r l e uk in -16  
( I L-1 6 ) ,  wh ich  w ere  s i gn i f i can t l y i n c rea se d  i n  i n fan t s  w i th  
s u b seq uen t  m ode ra t e  t o  se ve re  c l i n i ca l  a nd  
e l e c t r oenc ep ha lo gr ap h ic  (EE G)  g r ade s  o f  en cep ha l opa t h y.  The  
c ombi na t i on  o f  1 0 -min  Ap ga r  an d  IL -1 6  w as  a b le  t o  p re d ic t  
a bn orma l  EE G b e t t e r  t ha n  o th e r  m ar ke r s  u t i l i z ed  i n  c ur r en t  
p rac t i ce  (1 48 ) .  Ra i se d  I L-6  i n  p o s tn a t a l  sa mple s  ha d  been  
p re v io u s l y d e sc r i bed  i n  HI E  t o  be  a s s oc i a t e d  w i th  m ore  se ve re  
i n ju r y an d  po or  l on g - t e rm  o u tcome  ( 24 3 ,  2 46 ) .   
 
P r io r  t o  t h i s  wo r k ,  l e ve l s  o f  I L - 1 6  i n  ne ona ta l  h yp o x i a - i sc haemia  
h ad  no t  b een  de sc r ibe d .  Ho weve r ,  I L -1 6  a l t e r a t io n s  had  been  
i den t i f i e d  in  o t he r  p a th o lo g ie s  o f  t he  ne r vou s  s ys t e m,  
s pe c i f i ca l l y  m ul t ip l e  sc l e ro s i s ,  au to im mu ne  enc ep ha lom ye l i t i s ,  
c e reb ra l  i n fa r c t io n s ,  sp i na l  co r d  in j u r i e s  a nd  a s t r oc yt i c  b ra in  
t umo ur s  ( 24 1 ,  2 47 -2 49 ) .  T he  r o l e  o f  I L-1 6  rem a in s  p oo r l y 
u n de r s t oo d .  N o  s t ud y t o  da t e  ha s  exami ne d  t he  re l a t i o ns h ip  
b e t ween  c or d  b lo od  l e ve l s  o f  I L -1 6  o r  IL-6  a nd  lo n g - t e rm 
n eu ro de ve lo pmen ta l  ou t come  f o l l o win g  HIE .   
 
T he  p r im ar y a im  o f  t h i s  s t ud y  wa s  to  ex p lo re  t he  a s s oc i a t i on  
b e t ween  t he  l e ve l s  o f  co rd  b loo d  i n f l a mmato r y p r o t e i n s  IL-1 6  
a nd  IL-6  co l l ec t e d  a t  b i r t h  a nd  n eu ro de ve lo pmen ta l  ou t come  a t  3  
ye a r s  i n  t he  same  c oh or t  o f  i n fa n t s  wi th  pe r i na t a l  a sp h yx ia  a nd  





2 . 1 . 3  M ate r i a l s  an d  Me t ho d s  
R ec r u i tme nt  t oo k  p l ace  f rom Sep temb er  20 09  t o  J u ne  2 01 1  in  a  
s i n gle  ma te r n i t y  h o s p i t a l  a nd  wa s  de s i gn ed  t o  rec ru i t  a l l  g r ades  
o f  HIE ;  mi ld ,  m od e ra t e  a nd  s e ve re .  In fan t s  o f  ≥  3 6  wee ks  
ge s t a t i on  wer e  rec ru i t ed  i f  t hey m e t  an y o f  t he  fo l l o win g  r i sk  
f ac to r s  f o r  pe r ina t a l  a s ph yx ia :  umb i l i ca l  co rd  p H < 7 . 1 ,  f i ve  
mi nu t e  Ap ga r  sc or e  ≤6  o r  t he  need  fo r  i n t uba t io n  o r  
ca rd i op u lm ona r y re s us c i t a t i on  a t  de l i ve r y.  P re se nce  a nd  g r ade  o f  
HIE  w a s  de t e rmi ned  b y m odi f i e d  Sa rna t  sco re ,  a s s i gne d  a t  24  
h o ur s  a f t e r  b i r th  b y a  de d ica t e d  re sea rch  fe l l ow  ( B. H. W) .  
Wr i t t e n  in fo rme d  pa ren t a l  co n se n t  wa s  ob ta in ed  f o r  i nc l u s io n .  
T he  Cl i n i ca l  R es ea rc h  E th i c s  co mmi t t e e  o f  t h e  Co rk  Teac h ing  
Ho s p i t a l s  p ro v ide d  e th i ca l  a pp rova l .   
 
In  c l i n i c a l l y  i de n t i f i e d  ca se s  o f  neo na ta l  ence ph a lo pa t h y i n f an t s  
u n de r we nt  mu l t i c han ne l  v ide o -e l ec t r oen cep ha l o gr am  (E EG)  
m oni to r in g  a s  p re v io u s l y de sc r ib ed  (2 50 ) .  The  en t i r e  vi deo -EEG  
w a s  r e vi e we d  b y a n  ex pe r i ence d  n eo na ta l  neu ro ph ys i o lo g i s t  
( G. B. B) .  One  h ou r  e poc h s  o f  t he  bac k gro u n d  EE G w ere  g rade d  a t  
6  h ou rs  an d  2 4  h ou r s  a f t e r  b i r th  w he re  a va i l ab l e .  An  EE G grad e  
w a s  a s s i gne d  a t  t he se  t ime -p o i n t s ,  ba sed  on  a  p re v io us ly  
d es c r i bed  c l a s s i f i ca t i on  s ys t em ( 12 3 ,  2 51 )  an d  de s i gn a ted  a s :  ( 0 )  
n or ma l  i . e .  s l e ep  c yc l e s  p re se n t  o n  c on t in uo u s  back gr ou nd ;  ( 1 )  
mi ld l y a b no rma l ,  i . e .  co n t i nu ous ,  m i ld  a s ym met r y b u t  d i s r up ted  
s l ee p  c yc l e s ;  ( 2 )  m ode ra t e l y a b no rma l ,  i . e .  exce s s i ve  
d i sco n t in u i t y o r  p re se nce  o f  se i zu re s  an d  ( 3 )  se ve re l y a bn or ma l ,  
s u pp re s sed / i s oe l e c t r i c  t r ac i n g  an d /o r  h i gh  se i zure  b ur den / s t a tus  






D em o grap h ic  a nd  c l in i ca l  d e t a i l s  we re  co l l ec t e d  p ro s pec t i ve l y .  
T he se  i nc l ude d  pe r ina t a l  m ea su re s  ro u t i ne l y u s ed  in  t he  
e va lu a t io n  o f  i n fan t s  w i th  pe r i na t a l  a sp h yx ia  s uch  a s  Ap ga r  
s co re s  a t  1 ,  5  an d  10  min u te s ,  a s  we l l  a s  p H,  l ac t a t e  an d  base  
d e f i c i t  mea su red  o n  f i r s t  po s tna t a l  sam pl i n g .  T he rape u t i c  
h yp o t he rm ia  (T H)  wa s  c ommen ced  a t  t h e  d i sc re t io n  o f  t he  
s u pe r v i s i n g  c l i n i c i an  o n  d u t y b as ed  on  c om pl i a nce  w i th  t he  T o ta l  
Bo d y H yp o t he rm ia  S tu d y ( T O BY )  c r i t e r i a  ( 12 6)  wi th in  th e  f i r s t  
s i x  ho ur s  o f  l i f e .   
 
In f an t s  mee t i n g  the  ab o ve  c r i t e r i a  ha d  u mbi l i ca l  c o r d  b lo od  
d ra wn  a t  b i r t h  an d  p r oce s se d  acc or d i n g  to  s t r i c t  s t an da rd i sed  
o pe ra t i n g  p ro ced ure s .  The  p l a s ma  wa s  th en  f ro zen  a t  -8 0°C  
w i t h in  3  h ou r s  o f  b i r th .  IL -6  a nd  I L-1 6  w e re  mea su red  u s ing  
Lu m in ex  t ec hn o lo gy ( R u le s  Ba s ed  Medi c ine ,  Au s t i n ,  T X) .  
Fu r t h e r  i n fo rma t i on  re ga r d i n g sam ple  p r oce s s i n g an d  a na l ys i s  i s  
a va i l a b l e  f r om  Wal sh  e t  a l .  (1 48)  
 
D e ve lo pme nta l  o u t c ome  wa s  a ss e s sed  a t  3 6 -42  m on th s  o f  a ge  
u s in g  the  Ba yl e y S ca l e s  o f  In fa n t  a nd  T od dle r  De ve l op men t  
( Ed i t i o n  3 )  [ BS ID -I I I ] .  A re se a rc h  f e l lo w  b l i nd ed  t o  t he  c l i n i ca l  
h i s to r y,  EE G f in d in gs  a nd  c or d  b lo od  c yt ok i ne  l e ve l s  m ea su red  
a t  b i r t h  o f  t he  pa t i e n t s  pe r f o r med  a l l  BS ID -I I I  a s s e ss ment s  
( C .E . A) . Neu ro de ve lo pme nta l  ou tcom e  se ve r i t y  w a s  de f ine d  a  
p r i o r i .  T hree -ye a r  ou t come  w as  d es i gna te d  a s  n or ma l  i f  t he  c h i ld  
s co re d  > 85  i n  a l l  t h ree  BS ID -I I I  s u b sca l e s ;  co gn i t i ve ,  l an gua ge  
a nd  m ot or .  A mi l d l y a bn or ma l  ou tcom e  w a s  de t e rmi ned  i f  one  o r  
t w o  su b sca l e s  sco red  ≤8 5  bu t  > 70 ,  an d  a  m ode ra t e l y a b no rma l  
o u tc ome  wa s  de t e rmi ned  i f  a l l  t h r ee  su b sca l e s  sc ore d  ≤8 5  bu t  
> 70 .    In fa n t s  we re  deeme d  t o  ha ve  a  se ve re l y ab no rma l  o u tco me  
i f  t he y s c o red  ≤  7 0  i n  a l l  su b sca l e s  o r  s uf fe re d  dea th ,  d ys k i ne t i c  




S t a t i s t i ca l  a na l ys i s  wa s  pe r fo rme d  u s i n g  IBM  S P S S  S ta t i s t i c  
2 2 .0 .  Pa t i en t  demo gra ph ic  i n fo r ma t i on  i s  p re s en te d  a s  m edian  
( in t e rq ua r t i l e  r an ge )  an d  n /n  (pe rcen ta ge )  a s  a pp ro pr i a t e .  
D i f fe rence s  be t we en  g r ou p s  we re  exam ine d  us in g  Kr u ska l -Wal l i s  
a nd  Ma nn -Wh i tne y U  a s  ap pr op r i a t e .  Co r re l a t i on  o f  da t a  w as  
p e r fo rmed  us in g  t he  Pea r s on  co r re l a t i on  coe f f i c i e n t  o r  t h e  
S p ea rma n  rh o  (ρ )  c o r re l a t i o n  c oe f f i c i en t  a s  a pp ro pr i a t e .   
 
T he  ab i l i t y  o f  t he  co rd  b lo od  p r o t e i n s  t o  p re d ic t  a  se ve re  
o u tc ome  a t  t h ree  yea r s  wa s  a ss e s sed  u s i n g Rece i ve r  Ope ra t i ng  
C ha rac t e r i s t i c  ( RO C)  c ur ve  an a l ys i s .  B iom ar ke r  u t i l i t y  w as  
d e t e r mine d  u s in g  t he  a rea  un de r  R OC  cu r ve  ( AU C ) ,  an d  be s t  c u t -
o f f  wa s  d e t e rm ine d  u s i n g  th e  co or d ina t e s  o f  t he  cu r ve .  
S e ns i t i v i t y  a nd  s pec i f i c i t y  f o r  a  g i ve n  cu t -o f f  a re  r ep or t ed .  A p -
va lue  <0 .0 5  wa s  c on s i de re d  s i gn i f i ca n t .  B in omia l  l o g i s t i ca l  
r e g re ss io n  wa s  u sed  to  ex amin e  c omb ina t io ns  o f  s i gn i f i ca n t  
ma rke r s  f o r  a s s oc i a t i on  wi th  o u tco me  an d  t he  p red i c t ed  
p ro ba b i l i t i e s  r e s u l t i n g f r om the  mo de l  we re  a l s o  a s se s sed  fo r  
a b i l i t y  t o  p r ed ic t  a  se ve re  o u tc ome  u po n  a na l ys i s  o f  t he  ROC  




2 . 1 . 4  R e su l t s  
U m bi l i ca l  c o r d  b lo od  a na l ys i s  a nd  ne ur ode ve l opm enta l  ou tc ome  
w er e  a va i l ab l e  fo r  33  i n fa n t s  ou t  o f  69  r ec r u i t e d  a t  b i r t h .  The r e  
w er e  22  ma le  an d  11  fema le s ,  t h e  med i an  ( IQ R )  ge s t a t i on a l  a ge  
a t  b i r t h  w as  4 0 . 4  ( 39 .6 -4 1 . 2 )  wee k s  an d  t he  m edia n  ( IQR )  b i r th -
w e i gh t  w as  3 .4 9  (3 .1 2 -4 . 09 )  k g .  Of  the se ,  20 /33  ( 60 %)  in f an t s  
w er e  g i ve n  a  c l i n i ca l  d i a gn o s i s  o f  HIE  i n  t he  neo na ta l  p e r i od  ( 11  
mi ld ,  4  mo de r a t e  a nd  5  s e ve re )  w h i l e  t h e  rema i n i n g 13 /3 3  ( 40 %)  
w er e  in fan t s  wi th  c l i n i c a l  o r  b ioc hemic a l  s i gn s  o f  pe r i na t a l  
a sp h yx ia  a t  b i r t h  wh o  r eco ve re d  q u ic k l y w i t h  n o  c l i n i ca l  s i gn s  o f  
e ncep ha l opa t h y.   
 
A t o t a l  o f  7 /3 3  ( 21 %)  in fan t s ,  fo ur  w i th  m od e ra t e  HIE  a nd  t h r ee  
w i t h  se ve re  HIE ,  we re  t r ea t e d  w i t h  t he ra peu t i c  h yp o t he r mia .  O f  
t he  t w o  se ve re  HIE  ca se s  t ha t  w e r e  n o t  t r ea t e d ,  o ne  d i ed  be for e  
i n i t i a t i o n  o f  c oo l in g  an d  the  o th e r  d e ve l ope d  s ym pt om s ou t s ide  
t he  t he r ape u t i c  w in do w fo r  c oo l in g .  T wo  of  t he  se ven  co o led  
i n fa n t s  d i e d  in  t he  ne ona ta l  pe r io d .  See  de mo gra ph i c s  i n  T ab le  
2 . 1 .   
 
At  t he  t h re e -ye a r  f o l l o w -up ,  23 /3 3  ( 70 %)  ha d  a  no rma l  o u tc ome ,  
1 /3 3  (3 %)  had  a  m i ld l y a b no rma l  ou t come ,  3 /33  (9 %)  had  a  
m ode ra t e l y a bn orma l  o u tc ome  a nd  6 /3 3  (1 8% )  ha d  a  se ve re ly  
a bn orma l  ou tc ome  (T ab le  2 .2 ) .  Th o se  w i t h  a  no rma l  o u tcome  
i nc lu de d  12  in fan t s  wi th  pe r in a t a l  a sp h yx ia ,  s ix  wi th  mi ld  
e ncep ha l opa t h y,  fo ur  w i th  mod e ra t e  en cep ha l opa t h y,  a nd  o ne  
w i t h  se ve re  enc ep ha lo pa t h y acco rd in g  t o  m odi f i e d  Sa rna t  sco re  





T he  one  c h i ld  wi t h  a  mi l d l y a bno rma l  o u tc ome  a t  t h ree  ye a rs  had  
s u f fe re d  a  mi ld  c l i n i ca l  enc ep ha l opa th y.  Al l  t h ree  ch i ld ren  wi th  
m ode ra t e l y a bn orm a l  o u tc ome  ha d  a  mi ld  c l i n i ca l  
e ncep ha l opa t h y i n  t he  p os tna t a l  pe r i od .   T he  s ix  c h i l d re n  wi th  a  
s e ve re l y a bn orm a l  o u tc ome  i nc l ude d  one  in fan t  w i th  pe r ina t a l  
a sp h yx ia ,  o ne  w i th  m i ld  e nceph a lo pa t h y a nd  f ou r  wi th  se ve re  
e ncep ha l opa t h y.  T ho se  wi t h  a  se ve re l y a b no rma l  ou tcome  
i nc lu de d  th ree  ne on a ta l  dea th s ,  o ne  ch i ld  w ho  d e ve l op ed  
d ys k i ne t i c  C P a nd  t wo  c h i ld ren  w i t h  a n  au t i sm  d ia gno s i s .  Al l  o f  
t he  su r vi v i n g  c oo l ed  i n fa n t s  h ad  no rma l  neu ro de ve lo pme nta l  





N on - S ever e  O u tc ome  ( n= 27 )  
Me di a n ( I QR)  
S e vere  Ou tc ome  ( n =6 )  
Me di a n ( I QR)  
p -v a l ue *  
Ge s ta t i on a l  A ge  
(w ee ks )  
4 0 .4  (3 9 . 2 -41 .1 )  4 0 .8  (3 9 . 7 -41 .4 )  0 . 37 2  
Ge n der  
( Male /Fe ma le )  
1 7 /10  5 /1  0 . 63 7  
B ir t h  Wei g ht  ( kg )  3 . 5  ( 3 . 2 -4 . 1 )  3 . 4  ( 3 . 1 -3 . 7 )  0 . 56 9  
T a ble  2 .1 :  De mo g ra ph i c  de ta i l s  o f  t he  co ho r t .  *  p -va lu e  de r i ved  f ro m Ma nn -Whi tne y U ,  c h i - s qua r ed  o r  




O U TC OME  
N or ma l  
( n = 23 )  
Mil d  
( n = 1)  
M ode ra te  
( n = 3)  
S e vere  
( n = 6)  
S a rn at  Sc or e      
Pe ri na t a l  A sp hyx i a  1 2  0  0  1  
M ild   6  1  3  1  
M od er a te   4  0  0  0  
S eve re  1  0  0  4  
E E G 2 4 h (n = 18 )      
N o r mal  4  0  0  0  
M ild   3  1  2  0  
M od er a te  2  0  1  0  
S eve re  2  0  0  3  
I L- 6  m edi a n ( IQ R)  
p g /m l  
1 1  
( 5 - 24 )  
1 5  
( N/ A)  
8  
( 7 - 8 )  
3 1  
( 5 - 25 5)  
I L- 16  m edia n  ( I Q R)  
p g /m l  
4 0 3  
( 28 4- 51 7)  
3 8 1  
( N/ A)  
3 0 4  
( 13 9- 30 4)  
6 4 6  
( 46 6- 10 86 )  
T a ble  2 .2 :  Cl i n i ca l  d a t a  o f  c oh or t  by  de t a i l e d  ou tco me  seve r i t y .   
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2 . 1 . 4 . 1  I L-1 6  
Wh i l e  m edia n  ( IQR )  I L-1 6 ,  mea s ure d  i n  co rd  b l oo d  a t  b i r th ,  
f a i l e d  to  d i f fe ren t i a t e  ac r o ss  a l l  fo ur  ou tcome  gro up s  a s  ou t l i ned  
a bo ve ,  p= 0 . 06 3  (T a b le  2 . 2 ) ,  i t  w a s  a b l e  t o  d i f fe ren t i a t e  i n fan t s  
w i t h  a  se ve re l y a b no rma l  o u tc ome  c ompa red  t o  a l l  o t he r s ;  6 46  
( 46 6 -10 85 )p g /m L v .  3 83 .5  (28 4 -49 4) p g /m L,  p =0 .0 12  (F ig u re  
2 . 1 ) .  I L-1 6  l e ve l s  we re  ab l e  t o  p re d ic t  a  se ve re  ou tc ome  wi t h  a n  
AU R O C  ( C I )  o f  0 .8 27  (0 . 6 28 -1 . 00 0) ,  p=0 .0 14 .  Le ve l s  
≥ 51 4p g/m L p r ed i c t ed  a  se ve re  ou tcom e  wi th  a  se ns i t i v i t y  o f  8 3% 
a nd  a  s pec i f i c i t y  o f  8 1% .   
 
O t he r  pe r ina t a l  a nd  ne ona ta l  m ar ke r s  we re  t e s t ed  f o r  t he  
p re d ic t i on  o f  se ve re  ou tc ome  i n  t h i s  c oh or t  (T a b le  2 . 3 ) .  
B i oc hemic a l  m ark e r s  o f  p H,  l ac t a t e  a nd  ba se  d e f i c i t ,  mea su red  
o n  f i r s t  p o s tn a t a l  b l oo d  sam pl in g  d i d  n o t  d i f fe ren t i a t e  be t ween  
o u tc ome  gr ou p s .  Ap ga r  sco re s  a t  1  a nd  10  min u te s  o f  l i f e  we re  
s i gn i f i ca n t  fo r  p red ic t i on  o f  a  se ve r e  o u tc ome ,  p =0 .0 22  a nd  
p =0 .0 36  re s pec t i ve l y.  
 
 Am o n g  ea r l y ne ona ta l  t o o l s  u se d  t o  a s se s s  an d  p r o gno s t i ca t e  i n  
p e r i na t a l  a s ph yx i a ,  mo di f i ed  Sa rna t  s co re  a s s i gned  a t  2 4  ho ur s  
o f  l i f e  a nd  E E G gr ade d  a t  6  and  2 4  h ou rs  o f  l i f e  a l l  pe r fo rmed  
w e l l  fo r  t he  p re d ic t io n  o f  se ve re  o u tco me  a t  t h ree  ye a rs  wi th  
EE G a t  bo t h  t i me -po i n t s  ha vi n g a  AU C ≥0 .9 ,  p =0 .0 33  an d  0 . 008  
r e s pec t i ve l y.  Each  s i gn i f i can t  va r i ab l e  wa s  c ombi ne d  wi th  IL -1 6  
p a i r wi se  t o  a t t empt  t o  i den t i f y  a n  imp ro ve d  p red ic t i ve  mo de l .  
C om bin in g  I L-1 6  a nd  Ap ga r  sc ore  a t  1 0  min u te s  o f  l i f e ,  t he  
c ombi na t i on  sh o wn  to  be  mo st  p ro mi s in g  i n  ou r  p re v i ou s  w or k ,  
d id  no t  imp ro ve  t he  AU C fo r  p re d ic t i n g  s e ve re  t h ree -ye a r  
o u tc ome ,  AU C  (C I )  o f  0 .8 19  ( 0 . 59 3 -1 . 00 0) ,  p =0 .0 17 .  Th i s  i s  
l i ke l y d ue  to  t he  h i gh  de gree  o f  co r r e l a t i on  be t wee n  t hem ,  
R ²= 0 . 38 ,  p <0 .0 1 .   Ot he r  com bin a t io n s  a re  sh ow n i n  Ta ble  2 .3 .  
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C om bin in g  IL-1 6  wi t h  EE G gr ade  a t  6  o r  2 4  ho ur s  o f  l i f e  
im pr o ve d  t he  AU C  ( C I )  t o  0 .9 7 8  ( 0 . 91 3 -1 . 00 0) ,  p=0 .0 11  and  
1 . 00 0  ( 1 . 0 -1 . 0 ) ,  p= 0. 00 8 ,  r e s pec t i ve l y.   
 
 
Fi gu re  2 .1 :  B ox p lo t  rep re se n t i ng  I L -1 6  l eve l s  (p g / m L)  o f  i n fa n t s  
w i th  n on - seve re  ne u ro deve l o p men ta l  o u tc om e  c o mp ar ed  to  t h o se  




 Non-Severe Severe  Severe Outcome 
 (n=27) (n= 6) p-value AUC (95%CI) p-value 
IL-6 (pg/ml) 9.3 (5.5-19.0) 31 (5.2-255.8) 0.222 0.667 (0.388-0.945) 0.208 
IL-16 (pg/ml) 384 (284-494) 646 (466-1086) 0.012* 0.827 (0.628-1.000) 0.014* 
Biochemical Markers     
pH 7.04 (7.00-7.24) 6.97 (6.61-7.19) 0.429 0.636 (0.265-1.000) 0.394 
Lactate 8.2 (5.4-11.3) 14.5 (10.6-21.8) 0.067 0.803 (0.597-1.000) 0.062 
Base deficit 11.2 (8.9-13.6) 12.7 (10.4-19.0) 0.308 0.641 (0.391-1.000) 0.288 
Clinical Markers     
Apgar 1 min 4 (2-6) 1 (0-3) 0.021* 0.802 (0.572-1.000) 0.022* 
Apgar 5 min 6 (4-8) 4 (0-7) 0.109 0.713 (0.480-0.946) 0.107 
Apgar 10 min 9 (7-10) 4 (0-9) 0.035* 0.780 (0.536-1.000) 0.036* 
Sarnat Score - - - 0.796 (0.551-1.000) 0.025* 
EEG 6h - - - 0.900 (0.754-1.000) 0.033* 
EEG 24h - - - 0.933 (0.815-1.000) 0.008* 
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IL-16+Apgar 1    0.814 (0.554-1.000) 0.018* 
IL-16+Apgar 10    0.819 (0.593-1.000) 0.017* 
IL-16+Sarnat    0.827 (0.596-1.000) 0.014* 
IL-16+EEG 6h    0.978 (0.913-1.000) 0.011* 
IL-16+EEG 24h    1.000 (1.000-1.000) 0.008* 
 
T a ble  2 . 3 :  Me dia n  ( I QR )  v a lues  f o r  c l i n i c a l  an d  b ioc he mica l  m ak er s  av a i l ab le  a t  de l i ve ry  ac ro s s  ou tco me  
g r ou p s ,  w i th  ac ro s s  g ro up  p -v a lu e  f r o m Ma nn - Whi t ney  U t e s t i ng ,  a re a  un de r  th e  R O C  cu rve  (95 % C I ) ,  an d  p -
v a lue  fo r  ab i l i t y  o f  m a rke r  t o  p re d ic t  se ve re  o u tc om e .  p H,  l ac t a t e  an d  b as e  de f i c i t  we re  mea su re d  o n  f i r s t  
p o s t na t a l  b l oo d  s ampl in g .  AUC =  a rea  un de r  t he  rece i ve r  op e ra t o r  c ha ra c t e r i s t i c  cu r ve .  *  i n d ica t e s  p -




Am o n g  s ur v i v in g  c h i l d re n  wh o  a t t e nd ed  a nd  c ou l d  pe r f o rm  t he  
BS ID - I I I ,  n= 27 ,  l e ve l s  o f  IL -1 6  we re  n o t  fo un d  to  co r re l a t e  wi th  
s co re s  i n  t he  in d i vi du a l  su b sca l e s  (C o gni t i ve  ρ= 0 . 24 1 ,  p= 0. 23 6 ,  
La n gu a ge  ρ = -0 . 01 6 ,  p =0 .9 44 ,  Mo to r  ρ=0 .1 08 ,  p= 0. 62 5) .   
 
2 . 1 . 4 . 2  I L-6   
I L-6  w a s  u nab le  t o  d i f f e re n t i a t e  be t wee n  i n fa n t s  wi t h  d i f f e r i ng  
s e ve r i t y  o f  ne ur ode ve lo pme nta l  ou t come ,  p=0 .5 20 ,  a nd  d i d  no t  
c o r re l a t e  wi t h  i n d i v id ua l  s ub sca l e  c om po si t e  sc ore s  (c o gn i t i ve  
ρ =0 .2 70 ,  p =0 .1 73 ,  l a n gua ge  ρ =0 . 22 1 ,  p= 0. 29 9 ,  m ot or  ρ=0 .0 18 ,  





2 . 1 . 5  D i scu s s i on   
O u r  a na l ys i s  ha s  sh o wn  an  a s soc i a t io n  be t wee n  ra i sed  co rd  b lo od  
I L-1 6  an d  se ve re l y a bn orma l  n eu ro de ve lo pmen ta l  ou tc ome  a t  
t h ree  ye a r s  i n  a  c oh or t  o f  i n fan t s  wi t h  pe r ina t a l  a sp h yx ia  and  
HIE .  T he se  re su l t s  m us t  b e  ca re fu l l y  i n t e rp re t e d  i n  t he  l i gh t  o f  
5 0%  f o l l ow  u p  a va i l a b l e  a nd  c on s i de r ab le  o ve r l ap  i n  I L -1 6  
l e ve l s  b e t ween  i n f an t s  wi t h  n or ma l ,  mi ld  an d  mo dera te  
o u tc ome s .  Due  t o  t he  lo w  n um ber s  i n  t he  m i ld  a nd  mo dera t e  
o u tc ome  gro up s  we  a re  l i mi t e d  in  o ur  a b i l i t y  t o  spe cu la t e  
r ea so ns  f o r  t h i s  o ve r l a p .   
 
C om bina t io n  o f  I L-1 6  w i th  o th e r  p re d ic t i ve  c l i n i ca l  m ar ke r s ;  
Ap ga r  a nd  1  an d  10  mi nu te s  a s  we l l  a s  EE G a t  6  a nd  2 4  ho urs ,  
s h o wed  e qu i va l en t  o r  im pro ve d  p red i c t i ve  va l ue .  T hes e  
a dd i t i o na l  mea su re s  ma y i n  t he  f u tu re  fo rm pa r t  o f  a  c l i n i ca l  
d ec i s io n  a l gor i thm  fo r  m ana geme nt  o f  i n fan t s  wi t h  pe r ina t a l  
a sp h yx ia ,  h ow e ve r  t he  s ub je c t ive  na t u re  o f  Ap ga r  sc or in g  and  
t he  dema nd s  on  re s ou rce s  o f  p ro v id in g  a nd  i n t e rp re t ing  
c on t i nu ou s  mu l t i c han ne l  EE G ma y h a ve  b ea r i n g  o n  t h i s .  
 
I L-1 6  i s  a n  u nu su a l  c yt o k i ne ,  w h ich  ap pea rs  t o  ha ve  a  c r uc i a l  
r o l e  i n  t he  C N S  i n f l am mato ry r e s p on se  to  i n ju r y.  I t  i s  a  
g l yc o p ro t e in  o f  5 6  k D A re l a t i ve  m olec u la r  ma s s  a nd  i s  map ped  
t o  ch rom o some  po s i t i o n  15 q2 6 . 1 ,  a  po s i t i o n  d i s t i nc t  f rom  a l l  
o the r  c yt o k in es  (2 53 ) .  I t  wa s  p re v io u s l y re fe r red  to  a s  
l ym p hoc yt e  che moa t t rac t an t  f ac to r  ( LC F) ,  r e f l ec t i n g  i t s  
im po r t a n t  i n f l ammat or y ac t i on s .  T he se  ac t io n s  a r e  b o th  
p ro in f l amma to r y an d  imm un omod ula t o r y.  I L-1 6  i s  p ro duce d  in  a  
va r i e t y o f  immu ne  c e l l s ,  i nc l ud in g  C D4+ ,  CD 8+ ce l l s ,  mo noc yt e s  
a nd  mic r o gl i a l  c e l l s  a s  t he  i nac t i ve  p r o - I L1 6 ,  whic h  i s  t hen  




 Rece n t l y I L-1 6  h a s  a l so  been  d i sc o ve re d  to  oc cu r  i n  a  p re -
f o r med  s t a t e  i n t race l lu l a r l y i n  ne u t r op h i l s .  In  no rma l  
c i rcu ms t ance s ,  IL-1 6  bec ome s  ac t i va t ed  in  a  ca sp as e -depe nden t  
ma nne r  d ur i n g  a po p to s i s .  Ho weve r ,  Ro th  e t  a l .  ha ve  s ho w n  tha t  
d ur in g  p a th o lo g ica l  p roc es se s  s uch  a s  i n fec t io n  a nd  au t o -
im mu ni t y,  I L-1 6  ma y b e  ac t i va t e d  a s  p a r t  o f  t he  ca scad e  of  
n ec r o t i c  ce l l  de a th  ( 25 4) .   
 
Ac t i ve  I L-1 6  ha s  p re vi ou s l y b ee n  sh o wn  to  ha ve  a  r o l e  i n  C D4+ 
ce l l  r e c r u i tme nt  a nd  ac t i va t io n  pa r t i cu l a r l y i n  a s t hma  a nd  
a u to i mmu ne  co nd i t i o n s  (2 55 ) ,  bu t  a l s o  f o l lo wi n g  CN S  i n ju r y,  i n  
p a r t i cu l a r  fo l lo wi n g  ce reb ra l  i n fa rc t i on  ( 24 8) .  I t  i s  a  p o te nt  
c hemo a t t r ac t a n t  an d  a l so  ha s  a  r e gu la t o r y f u nc t i on  in  c yt o k i ne  
i nd uc t i on ,  i nc l ud i n g  I L-6 ,  T NF-α  a n d  IL -1 β  ( 25 6) .   I L-1 6  i s  
p ro du ced  b y m ic r o gl i a  i n  r e s po n se  to  C N S  in j u r y a n d  i n  t u rn  
ac t i va t e s  m ic r o gl i a l  mi gra t i on  t o  t he  s i t e  o f  i n ju r y a nd  rep a i r  
( 25 7) .   
 
Fo l l o wi n g  i sc haemic  i n fa rc t i on  i t  r e ac t s  wi th  C D 4+  re cep t o rs  
a nd  ac t i va t e s  T -c e l l  mi gra t io n ,  t h ro u gh  u p - re gu la t io n  o f  
r ecep to r s  s uch  a s  T -ce l l  C D 25  an d  M HC  C la ss  2  mol ecu le s .   The  
n eu ro na l  va r i an t ,  ne ur on a l  I L-1 6  ( N I L-1 6 ) ,  i s  i n d i s t i n gu i sha b le  
f ro m unc lea ve d  IL -1 6  an d  ha s  bee n  f ou nd  to  be  ex pre s sed  in  
ce reb e l l a r  g ra nu la r  c e l l s  a nd  h ip p ocamp a l  neu ro n s .  N IL -1 6  may  
b e  in t r in s i c  t o  n eu ro na l  g ro wt h  an d  su r vi va l  mec han i sm s (2 47 ,  








T he se  a rea s  o f  t he  b ra i n  a re  a l so  am on g  t ho se  m os t  se ns i t i ve  to  
h yp o x ia  ( 74 ,  8 2 ,  26 0) .  In  s tu d ie s  o f  r a t  sp i na l  c o r d  in ju r i e s ,  I L -
1 6  ap pea r s  t o  acc um ula t e  s i gn i f i c an t l y i n  c e l l s  w i th i n  and  
a d jace n t  t o  t he  l e s i on  a s  we l l  a s  i n  l oca l  mic r o vas cu la tu re  f o r  
s e ve ra l  da ys  a f t e r  i n ju r y a nd  i t  i s  t h e re fo re  p os tu l a t ed  t o  ha ve  a  
r o l e  i n  sec on da r y d ama ge  (24 1) .  In  t he  re l a p s in g  fo rm of  
m ul t i p l e  sc l e ro s i s ,  IL -1 6  ha s  co me  u nde r  c l os e  s c ru t in y f o r  i t s  
p o s s ib l e  r o l e  i n  ne ur o i n f l a mmat i on  an d  ax ona l  dam a ge  i n  t h i s  
c on d i t i on  ( 24 7) .  
 
 S imi l a r  f i nd i n gs  ha ve  bee n  de sc r ibe d  lo ok in g  a t  a  r o l e  fo r  I L -1 6  
i n  ce r eb ra l  i n fa rc t i on s  a nd  i n  a s t roc yt i c  b ra in  t umo ur s  (2 48 ,  
2 4 9) .  Alo n g wi t h  i t s  fu nc t i on  in  i n f l ammat or y ce l l  a c t i va t i on  a nd  
i nd uc t i on  o f  p r o i n f l am mato r y c yt o k in e  re l e a se ,  I L-1 6  ha s  a l so  
b een  a s soc i a t ed  wi t h  i nd uc t i on  o f  i nc rea se d  i n t race l l u l a r  ca l c ium 
o r  i no s i t o l - (1 ,  4 ,  5 ) - t r i ph os pha te  a nd  t r a n s loca t io n  o f  p ro t e in  
k ina se  C ,  a l l  o f  w hic h  ca n  l ead  t o  neu ro na l  i s chae mic  c e l l  dea th  
( 24 1) .   
 
T he re  i s ,  t h e re fo re ,  s t r on g  e v ide nce  o f  t he  i n vo l ve ment  o f  I L -1 6  
i n  t h e  C N S re sp on se  t o  i n ju r y a nd  t he  re su l t s  o f  t h i s  s tu d y a re  
s u gge s t i ve  o f  a  p l a ce  fo r  IL -1 6  i n  t he  pa th op h ys i o l o gy o f  
n eo na ta l  h yp o x i c - i sc haemic  i n ju r y t ho u gh  fu r the r  i n ves t i ga t ion  
i s  r e qu i red .   
 
Ba s ed  o n  th e  re su l t s  o f  t he  cu r r en t  s t ud y I L -1 6  a pp ea r s  t o  be  a  
b ioma rk e r  w or t h y o f  fu r th e r  s t ud y f o r  t he  p r ed ic t io n  o f  s ho r t  and  
l on g - t e rm ou tc ome  fo l lo wi n g a  h yp o x ic  i sch aemic  i n su l t .  Ra i sed  
l e ve l s  a re  a s soc i a t ed  w i th  m or e  se ve re  EE G f in d i n gs  i n  t he  
n eo na ta l  pe r io d  an d  m ore  se ve re  ne ur ode ve l opme nta l  o u tc ome  a t  





T he  l ac k  o f  a s s oc i a t i on  be t ween  c or d  IL -6  a nd  ou t come  i n  t he  
p re se n t  s tu d y ma y b e  re l a t e d  to  t he  t ime -co ur se  o f  I L-6  r e sp on se  
t o  i n j u r y.  P re v io u s  s t ud ie s  ha ve  sh ow n  an  a s soc i a t i on  be t we en  
p o s t na t a l  I L-6  l e ve l s  an d  in ju r y s e ve r i t y  b u t  no t  wi t h  c ord  l e ve l s  
( 24 6) .  The re f o re ,  i t  m a y be  tha t  mea s ure ment  a t  t he  t im e  o f  b i r th  
i s  t o o  ea r l y,  a nd  a  l a t e r  r i se  ma y b e  mo re  he l p f u l  an d  mo re  
p re d ic t i ve  o f  l on ge r  t e rm ou tcome .  Fu r t he r  d i scu s s i on  o f  I L -6  i s  
a va i l a b l e  i n  o ur  p re vi ou s  wo rk  by Wa l s h  e t  a l .  20 13  ( 14 8) .  
 
U n fo r tu na te l y ,  l o w  n umbe r s  l imi t  t he  i n t e r p re t a t i on  o f  t h e se  
r e s u l t s .  T he se  f in d in gs  re qu i r e  va l ida t io n  i n  a n  a l t e rn a te  
p ro s pec t i ve  c oh or t .  The  e f fec t  o f  t r ea t ment ,  whe re  im pleme nte d ,  
ma y b e  m od ula t i n g  o u tcom e  i n  t h e s e  ch i ld ren  an d  i n t e r fe re s  wi th  
o ur  fu l l  un de rs t an d in g  o f  t he  mea n i n g  o f  a  r a i se d  IL -1 6  l e ve l .  
Ho w e ve r ,  t h i s  r e f l e c t s  t h e  t r ue  c l i n i c a l  s i t ua t i on  i n  a  h os p i t a l  
w i t h  t h e  re s ou rce s  t o  un d e r t ak e  suc h  a  s tu d y.  De sp i t e  t he se  
r e s u l t s  t he re  i s  s t i l l  mu ch  l e f t  t o  be  l ea rne d  a bo u t  t he  ro l e  o f  IL -
1 6  i n  t he se  in fa n t s  pa r t i c u l a r ly a b ou t  ho w se ve r i t y  o f  i n j u ry  
im pac t s  l e ve l s .  Ad di t i ona l  i n ves t i ga t i on  i n  a n ima l  m ode l s  may  
h e lp  to  f u r the r  e luc i da t e  t h i s  p ro ce ss .   
 
In  t h i s  wo rk  we  ha ve  sh o wn ,  f o r  t he  f i r s t  t im e ,  t he  po te n t i a l  o f  
a n  in f l am mato r y p r o t e i n  mea su re d  in  co rd  b lo od  a t  b i r t h  t o  
p re d ic t  ne ur ode ve l opm enta l  ou tc ome  a t  t h ree  yea r s .  Wi t h  the  
d e ve l op ment  o f  a  po in t -o f -ca re  t e s t i n g  p l a t fo rm ,  IL -1 6  l e ve l s  
c ou l d  be  m eas ur ed  qu ick l y a nd  co n t r i bu te  t o  c l i n i ca l  dec i s i on  





2 .2  Glia l  F ibr i l lary Ac id ic  Pro te in i s  no t an ear ly  marker 
o f  in jury in  per ina ta l  asphyxia and hypox ic i schaemic 
encephalopathy  
 
2 . 2 . 1  Ab s t rac t  
Br a i n  spe c i f i c  gl i a l  f i b r i l l a r y ac i d i c  p r o t e i n  ( G FAP )  ha s  been  
s u gge s t ed  a s  a  p o ten t i a l  b i oma rke r  fo r  h yp o x ic  i schae mic  
e ncep ha l opa t h y ( HIE )  i n  ne wb or n s  (1 47 ,  2 61 ) .  Pre v io u s  s t ud ie s  
h a ve  sh ow n  inc rea se d  l e ve l s  i n  p o s tna t a l  b l oo d  sam ple s .  
Ho w e ve r ,  i t s  a b i l i t y  t o  gu i de  th e ra peu t i c  i n t e r ven t io n  in  HIE  i s  
u n kn ow n.  T he ra pe u t i c  h yp o th e r mia  f o r  HIE  m u st  be  in i t i a t ed  
w i t h in  s ix  ho ur s  o f  b i r th ,  t h e re fo re  a  c l i n i ca l l y  u se fu l  ma rke r  o f  
i n ju r y w o uld  ha ve  t o  be  ava i l a b l e  i mmed ia t e l y f o l l o wing  
d e l i ve r y.   
 
T he  goa l  o f  ou r  s tu d y wa s  t o  e xami ne  th e  ab i l i t y  o f  GFAP  to  
p re d ic t  g ra de  o f  ence pha lo pa th y  a nd  n eur o l o gic a l  o u tco me  w hen  
mea s ure d  i n  u mbi l i ca l  c o r d  b lo od .  In fa n t s  wi t h  su s pec t ed  
p e r i na t a l  a s ph yx ia  ( P A)  a nd  HIE  w e re  e nr o l l e d  in  a  s in g le ,  
t e r t i a r y ma te rn i t y  h o sp i t a l ,  whe re  um bi l i ca l  c o r d  b l oo d  ( UC B)  
w a s  d ra wn ,  p roce s se d  an d  b i o -ba nke d  a t  b i r t h .  E xp re s s io n  l e ve l s  
o f  G FAP  w e r e  me a s ure d  b y E LI S A.  In  t o t a l  1 69  in fan t s  (83  
c on t ro l s ,  56  P A,  3 0  HIE )  were  inc lu ded  i n  t he  s t ud y.  G FA P  
l e ve l s  wer e  n o t  i nc rea se d  in  U CB o f  ca se  in fa n t s  ( P A/HIE )  w hen  
c ompa re d  t o  hea l th y c o n t r o l s  o r  w hen  d i vi de d  i n t o  s pec i f i c  
g r a de s  o f  HIE .  Ad di t i ona l l y,  no  c o r r e l a t i on  w as  f ou nd  be twe en  
U C B l e ve l s  o f  GFAP  a n d  neur od e ve l op ment a l  o u tco me  a t  36  





2 . 2 . 2  In t ro duc t io n  
P e r ina t a l  a s ph yx i a  ( P A)  oc cu rs  w he n  the re  i s  a  d i s r up t i on  o f  
o x yge n  de l i ve r y o r  b l oo d  s up p l y t o  t he  f oe tu s  a r ou nd  t ime  o f  
b i r t h .  P A,  w hen  s e ve re ,  l e a d s  t o  h yp o x ic - i sch aemic  
e ncep ha l opa t h y ( HIE )  in  t he  ne on a ta l  pe r io d .  HIE  rema i n s  one  o f  
t he  l e ad i n g  c l i n i ca l  cha l l en ge s  f aced  in  t h e  n eo na ta l  pe r io d  a nd  
t he  g rea t e s t  c au se  o f  ac qu i re d  b ra i n  in ju r y i n  t e rm in fa n t s .  T he  
a b i l i t y  t o  op t imi se  ou tc ome s  i n  n eo na t a l  HIE  ea r l y a nd  acc ur a te  
p re d ic t i on  o f  t he  de gree  o f  en cep ha l opa t h y i s  v i t a l .  Ne ur o -
p ro t ec t i ve  the rap i e s  m us t  b e  c omme nced  p r i o r  t o  t h e  
d e ve l op ment  o f  se co nda r y b r a in  in j u r y,  g i v in g  a  na r r ow 
t he ra pe u t i c  w in do w of  l e s s  t ha n  s i x  ho ur s  a f t e r  de l i ve r y ( 1 26 ) .   
 
Ap p r ox i ma te l y 2 0  pe r  10 00  l i ve  b i r th s  wi l l  r e qu i re  s i gn i f i ca n t  
r e s u sc i t a t i o n  a t  b i r t h ,  a nd  1 0% of  t he se  in fan t s  w i l l  go  o n  to  
h a ve  m ode ra t e  t o  se ve re  e nce p ha lo pa th y.  U s in g  cu r re n t ly  
a va i l a b l e  a s se s smen t  me t ho ds  i t  i s  e s t i ma ted  tha t  20 %  o f  i n fa n t s  
w i t h  s i gn i f i ca n t  h yp o x ic  i n ju r y a re  c l i n i ca l l y  m i sc l a ss i f i e d  in  t he  
f i r s t  h ou rs  o f  l i f e  a nd  do  n o t  r ece i ve  h yp o t he r mia  (2 62 ) .  T hus  
t he re  i s  a  c r i t i c a l  need  fo r  im pro ve d  b i oma rke r s  f o r  p re d ic t i on  o f  
g r a de  o f  HIE  an d  ou t come  ( 26 3) .   
 
Gl i a l  f i b r i l l a r y a c i d i c  p ro t e in  (G FAP ) ,  a  mo nome r i c  i n t e r medi a te  
f i l ame nt  p ro t e in  p red omi nan t  i n  a s t roc yt e s  i s  kn o wn  t o  d i sp l ay  
i nc re as ed  e xp re ss io n  f o l lo wi ng  a cu t e  b r a in  i n j u r y o r  C NS 
d e ge ne r a t io n  (2 64 ) .  Pr e vi ou s  s t ud ie s ,  p r imar i l y  ca r r i e d  ou t  i n  
a du l t s  h a ve  re po r t e d  e l e va t ed  l eve l s  o f  G FAP  i n  t r au ma t i c  b ra in  
i n ju r y,  s pec i f i ca l l y  r e l a t e d  to  foca l  m as s  l e s i on s  (2 65 ) .  I t s  u se  a s  
a  b i oma rke r  o f  HIE  ha s  p r e vi ou s l y b een  su gge s t ed ,  b u t  t he  
a b i l i t y  t o  d i f fe re n t i a t e  be t wee n  P A a n d  HIE  a t  b i r t h  ha s  n o t  been  




Fu r t h e rm ore ,  l i t t l e  w or k  ha s  bee n  ca r r i e d  ou t  t o  de t e rmi ne  th e  
u se  o f  G FAP  a s  a  mar ke r  o f  m od e ra t e / se ve re  HIE  sp ec i f i ca l l y  t o  
gu i de  the ra peu t i c  i n t e r ve n t i on .  In  o r de r  t o  imp ro ve  o ur  a b i l i t y  t o  
i den t i f y i n fan t s  w ho  wi l l  ben e f i t  f r om  th e ra peu t i c  h yp o th e rmia  
i n  t ime  fo r  e f fec t i ve  in t e rve n t i on ,  an y c l in i ca l l y  u s e fu l  
b ioma rk e r  w i l l  nee d  t o  be  re l i ab l y a l t e re d  a t  o r  so on  a f t e r  b i r th .   
 
T he re fo re  o ur  a im  wa s  to  e xami ne  the  us e  o f  G FAP  a s  an  ea r ly  
c l i n i ca l  m ark e r  o f  HIE  se ve r i t y  i n  fu l l  t e rm  ne on a te s  by  
d e t e r min i n g  ex pre s s i on  in  umb i l i c a l  c o r d  b l oo d  (U C B)  sam ples  
f ro m hea l th y c on t ro l  i n fan t s ,  i n f an t s  wi t h  p e r i na t a l  a s ph yx i a  and  
i n fa n t s  wi t h  HIE .  We  a l s o  wi sh ed  to  exam ine  cor re l a t i o n  o f  UCB 





2 . 2 . 3  M ate r i a l s  an d  Me t ho d s  
2 . 2 . 3 . 1  S t ud y P o pu la t i on  
T he  Bi HIV E St ud y ( Bi omar ke rs  o f  Hyp o x ic  I sc haemic  
E ncep ha l opa th y) ,  i nc lu d in g  a l l  r ec ru i t ment ,  c on se n t in g  a nd  
s am ple  p r oce s s in g  p r oced ure s  wa s  a pp ro ve d  b y t he  Cl i n i ca l  
R e sea rc h  E t h i c s  Comm i t t ee  o f  t he  Co rk  Te ach i n g  Ho sp i t a l s .  
T hr ou gh  t h i s  s t ud y,  an y in fan t  w i t h  su s pec t e d  pe r i na t a l  a s ph yx ia  
o r  h yp o x ic  i s chaem ic  e nceph a lo pa t h y in  Co rk  Uni ve r s i t y  
M a te rn i t y  Ho s p i t a l  (C U M H) ,  I r e l a nd  b or n  be t wee n  Ma y 2 0 09  and  
J u ne  2 01 1 ,  wa s  r ec r u i t e d  a s  p rev i o u s l y d e sc r i bed  (1 54 ) .  Br i e f l y ,  
i n fa n t s  >  3 6  wee k s  ges t a t i ona l  a ge  we re  ide n t i f i ed  u nde r  s t r i c t  
e nr o lme nt  c r i t e r i a :  c o r d  p H< 7.1  a nd /o r  Ap ga r  sc or e  ≤  6  a t  5  
mi nu te s  o f  l i f e  a nd /o r  r e qu i r i n g  i n tu ba t i on  o r  C PR  a t  b i r th .  
 
 O nce  in fan t s  were  s t ab l e ,  pa re n t s  we re  ap pr oach ed  an d  i n f o rmed  
a bo u t  t he  s t ud y,  w r i t t en  c on sen t  wa s  o b t a i ne d  fo r  each  i n fa n t .  
Al l  c l i n i ca l  a nd  dem o gr ap h ic  i n f o r ma t i on  deeme d  r e l e va n t  t o  t he  
s t ud y w as  the n  re cor de d  p ro sp ec t i ve l y.  Hea l th y ma tc hed  co n t r o l s  
w e r e  rec ru i t ed  t h r ou gh  t he  BAS E LIN E  S tud y  
( w w w. ba se l i ne s t ud y. n e t ) ,  a  l on g i t ud ina l  b i r th  c oh or t  s t ud y b a sed  
i n  Co rk .  Co nt r o l s  we re  m a tch ed  fo r  se x ,  ge s t a t io n ,  b i r t h -we i gh t  
a nd  ge nde r  an d  a l l  h ad  u ncom pl i ca t ed  de l i ve r i e s .  
 
2 . 2 . 3 . 2  C o rd  Bl oo d  Sam pl i n g  
U m bi l i ca l  co rd  b l oo d  samp les  w er e  co l l ec t e d  imm edia t e l y a f t e r  
d e l i ve r y f o r  a l l  i n fa n t s  i n  t h i s  s t ud y a nd  p r oce s sed  wi t h in  t h ree  
h o ur s  f o l lo wi n g  s t r i c t  l a bor a to ry S O P s  b y a  de d ica t ed  r e se a rch  
t ea m w ho  were  a va i l a b l e  2 4  ho ur s  a  da y.  S am ple s  w ere  s to re d  a t  





2 . 2 . 3 . 3  N eo na ta l  As s e ss ment  
Al l  i n fa n t s  wi th  su s pec t e d  h yp o xic  i schae mic  enc ep ha lo pa t hy  
r ece i ved  c on t in uo u s  mul t i -c han ne l  E E G mo ni t o r i n g .  Ou r  p ro t oco l  
f o r  EE G m oni to r in g  ha s  be en  p re v io us l y de sc r ibe d  ( 14 8) .  
C l in i ca l  g rade  o f  enc ep ha lo pa th y w a s  a s s i gne d  b y a  d ed ic a t ed  
r e s ea rc h  fe l l o w ( BW)  u s in g  the  mo di f i ed  Sa r na t  sc ore .  
Ad d i t i ona l l y,  g r ade  wa s  f u r t he r  c on f i rmed  us in g  EE G a na l ys i s  
w i t h  a n  e xpe r i e nced  ne on a ta l  e l ec t ro ence pha lo gra phe r  ( GB)  who  
r e vie we d  a l l  E E G da ta .  Th e ra peu t i c  h yp o t he rm ia  w as  comme nced  
a t  t he  d i sc re t i on  o f  c l i n i c i a n s  b l in ded  t o  t he  s t ud y d a t a  i n  a l l  
i n fa n t s  deeme d  to  ha ve  m ode ra t e  o r  s e ve re  e ncep ha l opa t h y u s i ng  
t he  T O BY  re gi s t r y t r ea tme nt  c r i t e r i a  an d  p r o toc o l  ( 12 6) .   
 
2 . 2 . 3 . 4  G FAP  An a l ys i s  
G FAP  a na l ys i s  wa s  ca r r i e d  ou t  b y Ba n ya n  Biom ar ke r s  Inc . ,  
Al ac hua ,  Fl o r i da ,  on  um bi l i c a l  c o r d  b l oo d  se r um sam ple s  u s ing  
Ba n ya n  Biom ar ke r ’ s  p r op r i e t a r y s an d wic h  E n zym e - Li n ked  
Im mu no s or ben t  As s a ys  ( E LIS A )  s pec i f i c  t o  GFAP .   D e tec t i on  
l e ve l s  f o r  t he  Ban ya n  As sa y ran ge  f r om 0 .0 3n g /ml  to  50 n g /m l .  
Al l  sam ple s  w ere  ru n  in  du p l i c a t e  an d  in t e r / i n t ra  a ss ay  
va r i a b i l i t y’ s  o f  <1 0%  were  re por t ed .  
 
2 . 2 . 3 . 5  N eu ro de ve lo pme nt  O utco m e  
Wh ere  po s s i b l e ,  de ve l opme nta l  ou t come  wa s  a s se s se d  a t  36  
m ont h s  o f  a ge  us in g  t he  Ba yl ey S c a l e s  o f  In fa n t  a nd  T od dle r  
D e ve lo pme nt  (E d .  I I I )  [ BS ID -I I I ]  o r  t h e  Age s  an d  Sta ges  
Q ue s t io nna i re  (E d .  I I I )  [ AS Q  3 ]  w hen  t he  BS ID -I I I  w a s  n ot  
p o s s ib l e  d ue  t o  r ea so ns  s uc h  a s  f ami l y re loca t io n ,  e t c .  The  Age s  
a nd  Sta ge s  Que s t i on na i re  ( AS Q  3 )  i s  a  pa ren t -c omp le t ed  




I t  c on s i s t s  o f  30  de ve l op ment a l  i t em s  o r ga n i sed  i n to  f i ve  a r ea s :  
C omm un ica t i on ,  Gr o ss  M ot or ,  F i ne  Mo to r ,  P ro b lem S o l vi n g  and  
P e r s ona l -So c ia l .  Que s t i on na i re s  fo r  eac h  c h i l d ’ s  a pp ro pr i a t e  a ge  
i n t e r va l  we re  ad min i s t e re d .   
 
Al l  BS ID -I I I  a s s e s smen t s  wer e  pe r fo rme d  b y a  ded ica t ed  
r e s ea rc h  fe l l o w b l i nde d  to  t he  c l i n i ca l  h i s t o r y o f  t he  pa t i en t s  
( C A) .  Fo r  i n fan t s  w ho  u nde r went  t he  a s se ss ment  u s i n g  the  BS ID -
I I I ,  o u t come  wa s  de t e r mine d  u s i n g  the  co mp os i t e  sc ore s  o f  t he  
t h ree  adm in i s t e re d  su b sca l e s ;  c o gn i t i ve ,  l an gua ge  an d  mo to r .  
In f an t s  we re  deeme d  t o  ha ve  a n  a bn orma l  o u tc ome  i f  t he y s c o red  
≤  8 5  i n  t wo  o r  m ore  s ub sc a l e s  o r  s u f fe r ed  neo na ta l  d ea th ,  
ce reb ra l  pa l s y o r  a u t i sm.   Fo r  i n fa n t s  w ho  were  a s se s sed  wi th  
AS Q 3  o n l y,  r e s u l t s  we r e  co ns ide red  a bn orm a l  i f  sc ore s  i nd ic a t ed  
t he  nee d  f o r  fu r the r  a s se s s men t ,  f a l l i n g  >  2  S D  be lo w  t he  
s t a nda rd i se d  mean ,  wa s  ad v i sed  i n  m ore  t han  o ne  a rea .  
 
2 . 2 . 3 . 6  S ta t i s t i ca l  Ana l ys i s  
S t a t i s t i ca l  ana l ys i s  wa s  pe r fo rme d  u s i n g  IBM  S PS S  Sta t i s t i c s  22  
( S P S S Inc . ,  U S A) .  Re s u l t s  we r e  ca l cu la t ed  u s in g  s tu den t  t - t e s t s ,  





2 . 2 . 4  R e su l t s  
2 . 2 . 4 . 1  S t ud y P o pu la t i on  
In  to t a l  16 9  i n fa n t s  we re  inc l ude d  i n  t h i s  s t ud y;  8 3  c on t ro l s  a nd  
8 6  ca se s .  Of  t he  86  ca se s ,  5 6  w ere  c l a s s i f i ed  a s  pe r i na t a l  
a sp h yx ia  w i th ou t  HIE ,  21  wi th  mi ld  HIE ,  f i ve  wi t h  m ode ra t e  HIE  
a nd  f ou r  w i th  se ve re  HIE ,  acc ord in g  to  b o t h  t he  mo di f i ed  Sa rna t  
a s se s smen t  an d  EE G c l a s s i f i ca t io n .  P op u la t i on  dem o grap h ic s  f o r  
t he  e n t i r e  co hor t  a re  s ho w n i n  Ta ble  2 .4 .  
 
2 . 2 . 4 . 2  G FAP  E x p re ss io n  
O n  a na l ys i s  o f  E LIS A r e su l t s ,  t he r e  wa s  n o  s t a t i s t i ca l ly  
s i gn i f i ca n t  d i f fe ren ce  in  se rum G FAP  l e ve l s  be tw een  ca se  a nd  
c on t ro l  i n fan t s  w i th i n  t h i s  s tu d y ( p= 0. 28 7) .  S im i l a r l y,  w he n  ca se  
i n fa n t s  we re  g ro up ed  a s  P A wi th o u t  HIE  ( n=5 6)  an d  i n fa n t s  wi th  
HIE  ( n= 30 ) ,  no  d i f fe re nce  wa s  o b se r ve d  ( p =0 .5 66 ,  F ig ure  2 . 2 ) .  
Ad d i t i ona l l y,  whe n  g ra de  o f  HI E  wa s  s pec i f i ca l l y  a na l ys e d ,  no  
d i f fe re nce  w as  o b se r ved  b e t ween  UC B l e ve l s  o f  G FAP  i n  m i ld ,  
m ode ra t e  o r  se ve re  HIE  ( 0 . 19 9±0 . 09 5n g/ml  vs  0 . 21 6± 0 . 08 7n g/ml  
vs  0 . 16 8± 0 . 25 8n g/ml ,  p= 0. 93 1) .  Fi n a l l y ,  w he n  g ro upe d  a s  i n f an t s  
w h o  wo ul d  b e  d eemed  e l i g ib l e  fo r  t he rape u t i c  h yp o the rmia  ( n= 9)  
vs .  t ho se  wh o  wo uld  n o t  (n= 16 0) ,  a ga i n  no  inc rea se  was  
o b se r ve d  ( p= 0. 91 9 ,  Fi gu re  2 .3 ) .  
 
2 . 2 . 4 . 3  N eu ro de ve lo pme nta l  O utc ome  a t  3 6  m ont h s  o f  a ge  
In  t h e  to t a l  s t ud y p o p u la t i on ,  ou t come  a t  36  m ont h s  was  
a va i l a b l e  i n  1 16 /16 9  (6 9% )  i n fa n t s  (6 1  ( 73 %)  c on t ro l s ,  32  PA  
( 57 %)  a nd  23  ( 77 %)  HIE ) .  O f  th e s e ,  70  i n fa n t s  un de r wen t  
o u tc ome  a s se s sme nt  u s in g  t he  Ba yl e y Sc a l e s  o f  In fan t  and  




T he  rema in i n g  4 6  in fan t s  u nd e rw en t  a s se s sme nt  u s i n g  th e  Age s  
a nd  Sta ge s  Que s t i on na i re  ( AS Q  3) .  Fu r the r  b reak do w n o f  g rade  
o f  HIE  a nd  o u tc ome  i s  a va i l a b l e  i n  Ta ble  2 . 5 .  Wh en  c l a s sed  a s  
i n fa n t s  wi t h  a  n orma l  o u tco me  vs .  i n fa n t s  wi t h  an  a bn or mal  
o u tc ome  a t  36  m ont h s ,  no  d i s ce rn i b l e  e l e va t i on  i n  UC B G FA P 





 C o nt ro l  Pe r i n a ta l  
A s p hyx ia   
H I E  
 n = 8 3  n = 5 6  n = 3 0  
G e sta t io n  ( wk +d ay )  4 0+ 3  (1 +1 )  4 0+ 3  (2 +1 )  4 0+ 3  (2 +5 )  
B i r t h  We i g ht  (g )  3 5 18  (4 47 .4 )  3 5 96  (5 33 .8 )  3 4 95  (5 16 .5 )  
G e nde r  ( M/ F)  4 8 /35  3 5 /21  2 0 /10  
M o de  of  De l i v e r y     
S VD  3 1  (3 7% )  1 8  (3 2% )  6  ( 20 %)  
I n s t rum e nta l  3 6  (4 3% )  2 8  (5 0% )  1 5  (5 0% )  
E lec t i v e  Cae s ar ea n Se c t io n  4  ( 5% )  … .  … .  
Em e rge ncy  C ae sa re a n 
S ec t i o n  
1 2  (1 5% )  1 0  (1 8% )  9  ( 30 %)  
1  m in  A pg a r*  9  ( 9 -9 )  5  ( 3 -7 )  3  ( 1 -5 )  
5  m in  A pg a r*  1 0  (9 -1 0)  8  ( 6 -9 )  5  ( 3 -7 )  
C o rd  p H*  7 . 21  (7 .1 5 -7 . 26 )  7 . 04  (6 .9 9 -7 . 09 )   6 . 99  (6 .9 1 -7 . 08 )  
T a ble  2 .4 :  C o mp a ri so n  o f  po p u l a t i on  de mo g ra ph ic s  f o r  en t i r e  s t ud y c oh or t  ( n= 16 9) .  In fan t s  se pa r a t ed  in to  
c on t ro l s ,  i n fa n t s  wi t h  pe r ina t a l  a s ph yx i a  a nd  in fan t s  wi th  hyp o x ic - i sch aemic  ence ph a lo pa th y ( HIE ) .  D a ta  
e xp re ss ed  a s  Mea n  ( S ta nda rd  dev i a t i on )  o r  Me dia n  ( In t e rq ua r t i l e  r a ge )  whe re  ap pr op r i a t e .   *  Re pr es en t s  a  p -
v a lue  o f  < 0 . 00 1  be tw een  g r ou ps  c a l cu la t e d  u s in g  K ru sk a l - Wa l l i s  o r  Ma nn  Whi t ney  U  t e s t s .  M,  ma le ;  F ,  f e m ale ;  





O u tc om e 
C o nt ro l  
n = 6 1  
P A 
n = 3 2  
M i l d  H I E  
n = 1 5  
M o d/ Sev  H IE  
n = 8  
N o rm al  6 0  3 0  9  4  
A b no rm al  1  2  6  4 *  
G F AP  n g/m l  0 . 20  (0 .0 4 -0 . 55 )  0 . 22  (0 .0 4 -0 . 14 )  0 . 20  (0 .0 8 -0 . 36 )  0 . 23  (0 .0 5 -0 . 63 )  
  
T a b le  2 .5 :  C o mp a ri so n  o f  neur o deve l op me nt a l  f o l l ow -u p  a t  3 6  m ont h s  o f  age ,  p r i mar i l y  us i n g the  
Ba yl e y S ca l e s  o f  In fan t  an d  T odd le r  D e ve l op ment  (E d .  I I I )  ( n= 70 )  o r  t he  Age s  a nd  Sta ge s  Q ue s t i on na i r e  
( Ed .  I I I )  ( n= 46 ) .  No  a l t e ra t io n  i n  G FAP  l e ve l s  wa s  de t ec t e d  in  t h e  umb i l i ca l  c o r d  b l oo d  f r om he a l th y  
c on t ro l  i n fa n t s ,  i n fa n t s  wi t h  pe r i na t a l  a sp h yx ia  ( P A) ,  i n fan t s  wi t h  m i ld  HIE  o r  i n fan t s  wi t h  m ode ra t e  o r  
s e ve re  ( M od /Se v)  HIE .  G FAP  l e ve l s  ( n g /m l )  a re  e xp re ss ed  a s  Me an  ( Ran ge )  *  Ou tco me  de f i ned  by  






Fi gu re  2 . 2 :  Bo xp l o t  r ep re se n t in g  u m bi l i c a l  co r d  b lo od  (U CB)  
l ev e l s  o f  GFAP (n g / ml )  f o l lo wi ng  co m me rc i a l  E L ISA  an a ly s i s .  
In f an t s  g r ou p e d  a s  hea l t h y c on t ro l s  ( n=8 3) ,  i n fa n t s  wi th  
p e r i na t a l  a sp h yx ia  ( P A)  w i th ou t  HIE  ( n= 56 )  a nd  in fa n t s  wi th  
c l i n i ca l  an d  e l ec t r o gra ph ica l ly  c o nf i rme d  HIE  ( n= 30 ) .  No  






Fi gu re  2 . 3 :  B ox p lo t  re p re sen t in g  f u r the r  an a ly s i s  o f  u mb i l i ca l  
c or d  b lo od  (U CB )  l eve l s  o f  GFAP  (n g / ml )  i n  i n fa n t s  w hic h  wo uld  
b e  de eme d  e l ig i b l e  f o r  t h e r ap eu t i c  hyp o th er mi a  ( T H;  mo de ra te  
a nd  se ve re  h yp o x ic  i sch aemic  en cep ha l opa t h y,  n =9 )  an d  in fan t s  
w h o  wo uld  no t  mee t  t he  e l i gi b l e  c r i t e r i a  ( N onT H;  co n t r o l s ,  
p e r i na t a l  a s ph yx i a  an d  mi ld  h yp o x ic  i sc haemic  e nce pha lo pa thy,  
n =1 60 ) .  N o  s i gn i f i ca n t  e l e va t ion  in  GFAP  l e ve l s  w as  o b se r ved  





Fi gu re  2 . 4 :  Co m pa ri so n  o f  u mb i l i c a l  c o rd  b lo od  (U CB )  l eve l s  of  
G FAP  (n g / ml )  f ro m  i n fa n t s  wi t h  a  n o rm al  o u tc om e  a t  2 4 - 36  
m o nt hs  (n =10 3)  c o mp are d  t o  t h o se  w i th  an  a bn o r mal  ou tc o me  
(n =1 3) ,  p re sen t ed  a s  a  bo x  p l o t .  A s i gn i f i ca n t  d i f fe re nce  wa s  no t  





2 . 2 . 5  D i scu s s i on  
 
In c rea sed  l e ve l s  o f  G FAP  ha ve  be en  sh o wn t o  b e  u se fu l  
b ioma rk e r s  o f  ad u l t  b ra i n  pa t ho l o gy ( 2 64 ,  2 66 -2 71 ) .  In  sp i t e  o f  
t h i s ,  i n ve s t i ga t io n s  i n to  i t s  u se  i n  t he  neo na ta l  f i e ld  ha ve  be en  
s o mew ha t  l i mi t ed ,  wi th  on l y a  sma l l  num ber  o f  p ub l i ca t i ons  
s u gge s t in g  G FAP  a s  a  b iom ark e r  i n  HIE  wi th  th e  a b i l i t y  t o  
d i s t i n gu i s h  be t we en  g rad es  o f  HIE  ( 1 47 ,  26 1 ,  27 2 -27 4) .  Whi l e  
t he se  s tu d ie s  p ro v ide d  p romi s in g  re s u l t s ,  t he y a l s o  c i t e d  ma jo r  
l i mi t a t i on s  w i th  re ga r d  to  sa mp le  s i ze  a nd  s a mple  a va i l a b i l i t y  
t h r ou gh out .   Po s t na t a l  b lo od  sam ple s  we re  p red omi na te l y u s ed ,  
w i t h  fe w  s tu d ie s  de t e rm in i n g  l e ve l s  i n  umb i l i ca l  c o r d  b l oo d ,  
w h ich  i s  a r gua b l y t he  ea r l i e s t  po s s i b l e  so urc e  fo r  a  b i omar ke r  o f  
HIE .  Ho w e ve r ,  a s  HIE  i s  kno w n  to  e ncom pa s s  a  t wo -s t a ge  
e vo l v in g  mech an i sm  o f  i n j u r y,  t he  t ime  a t  whic h  GFAP  l e ve l s  
m o st  r ep re sen t  de gree  o f  i n ju r y m u st  be  e s t ab l i s hed .   
 
In  t h i s  s tu d y,  o ur  goa l  w as  to  a dd  to  t he  cu r r en t  k no wle dge  
a va i l a b l e  f o r  t h i s  p romi s i n g  b ioma rke r  spec i f i ca l l y  i n  re l a t i o n  to  
HIE .  We  a im ed  t o  va l ida t e  t he  u se  o f  G FAP  a s  a  mar ke r  o f  HIE  
s e ve r i t y  s p ec i f i ca l l y  a nd  to  o ve rcom e  t he  p re v io u s l y c i t ed  
l i mi t a t i on s ,  ma i n l y t h r ou gh  the  u se  o f  a  l a r ge r ,  c a re fu l l y  de f ined  
p o pu la t io n  co ho r t  a nd  t h r ou gh  t he  u se  o f  U C B a s  o ur  sa mple  
s o urc e .  Al l  o ur  sa m ple s  a re  c o l l ec t ed  a nd  p roce s se d  in  an  
o pe ra t i ona l  b io ban k  fo l lo wi n g  s t r i c t  S O P s .  Ad di t i o na l l y,  U CB 
r ep re sen t s  t he  ea r l i e s t  p os s i b l e  b l oo d  sam ple  a va i l ab l e  a f t e r  
d e l i ve r y.  Al t ho u gh  i t  i s  no t  t ak en  d i rec t l y  f rom  th e  in fa n t ,  i t  
p ro v i de s  a  s na ps ho t  o f  an  in f a n t ’ s  c i rc u l a t io n  a t  t h e  t im e  o f  
d e l i ve r y a nd  can  the re fo re  o f fe r  a  un iq ue  i n s i gh t  i n t o  t he  






T h i s  sam ple  i s  r e l a t i ve l y ea s y  t o  ob ta in ,  d oe s  no t  i n vo l ve  an  
i n va s i ve  p r oce du re  t o  an  a l r ead y s t re s sed  n ew -b or n  an d  c ou ld  
p o te n t i a l l y  c l a s s i f y i n fan t s  de pen d in g  o n  d e gree  o f  i n ju ry,  
c on t r ib u t i n g  to  r ap i d  a nd  re l i ab l e  t he ra peu t i c  dec i s i on -mak in g .  
 
A l a r ge  l i b ra r y o f  p re v io u s l y pu b l i she d  re s ea rc h  f oc us ed  on  
G FAP  a n d  C N S  da ma ge  i n  gen e ra l  i s  a va i l ab l e ,  h o we ve r ,  a  r ecen t  
r e vi e w of  neo na ta l  b i omar k e rs  b y Be r sa n i  e t  a l .  ( 27 5)  ca l l e d  fo r  
f u r the r  wo rk  to  i n ve s t i ga t e  t he  va l i d i t y  o f  t h i s  p ro t e in  w i th  a  
p a r t i cu l a r  f ocu s  o n  o u tc ome .  We  d i s co ve re d  n o  s i gn i f i can t  
a l t e ra t io ns  i n  G FAP  ex pre s s i on  be t wee n  ou r  ca se  a nd  c on t ro l  
g r o up s  o r  be t we en  d i f fe r en t  g r ade s  o f  HIE .  Add i t i o na l l y,  we  
f ou nd  n o  co r re l a t i o n  o f  G FAP  l e ve l s  wi t h  o u tco me  a t  36  m ont hs  
o f  a ge .   
 
O u r  f i nd i n gs  i n i t i a l l y  s eem  to  co n t r ad ic t  p re v i ou s l y p u b l i sh ed  
r e s ea rc h  re ga r d in g  the  po te n t i a l  u se  o f  G FAP  a s  an  ea r ly  
b ioma rk e r  o f  m ode ra t e / se ve re  HIE .  Ho w e ve r ,  m os t  s t ud ie s  t o  
d a t e  ha ve  fo cu s sed  o n  p o s t -n a t a l  sam ple s ,  wi th  s i gn i f i c an t  
e l e va t i on  seen  a f t e r  6 -1 2  h ou rs  (1 47 ,  27 4) .  Mo re  rece n t l y,  a  
s t ud y f ocu s se d  o n  mi xe d  co rd  sam ple s  i n  a  h i s t o r i c a l  c oh or t  ha s  
s h o wn  no  d i f fe re nce  i n  s e r um  GFA P  l e ve l s  be t wee n  co n t r o l s  and  
i n fa n t s  wi th  mo de ra t e - se ve re  HI E  (2 76 ) .  T h i s  i s  i n  kee p i n g wi th  
p re v io u s  w or k  i n  ad u l t  T BI  w her e  pea k  l e ve l s  oc cu r  a t  12  h ou rs  







T h i s  i s  t he  f i r s t  p r o spe c t i ve ,  c a re f u l l y  d e f ine d  c oh or t  s t ud y t o  
f oc us  on  G FAP  i n  U C B.  Whi l s t  t h e re  i s  goo d  e v i denc e  t ha t  G FA P  
ma y b e  a  us e f u l  ma rke r  o f  HIE  s e ve r i t y  i n  sam ple s  t a ken  a f t e r  6  
p o s t na t a l  ho ur s ,  we  ha ve  no t  sh o wn a l t e red  l e ve l s  i n  U CB 
s am ple s .  T h i s  ma y l imi t  t h e  us e f u l ne ss  o f  G FAP  a s  a  u se fu l  
b ioma rk e r  t o  gu id e  t he ra pe u t i c  i n t e r ven t io n .   
 
2 . 2 . 6  C o nc lu s i on  
S e r um  GFAP  i s  no t  a l t e red  i n  t h e  UC B sa mple s  o f  i n f an t s  w i th  
p e r i na t a l  a s ph yx i a ,  wi t h  o r  wi th o u t  c l i n i ca l  a nd  e l ec t ro gra ph ic  
HIE ,  c om pare d  t o  no rma l  co n t ro l s .  G FAP  t h e r e f o re  ma y n o t  be  
t he  i dea l  ea r l y b iom ar ke r  t o  p r ed ic t  e l i g ib i l i t y  f o r  t he ra peu t ic  

















2 .3  Downstream mRNA targe t analys is  in  neonata l  
hypox ic - i schaemic encephalopathy iden t i f ies  nove l  
marker o f  severe in jury:  a  proof o f  concep t paper.  
 
2 . 3 . 1  Ab s t rac t  
2 . 3 . 1 . 1  Ba ck gr ou nd  an d  O bjec t i ve  
Hu m an  mic ro RN A mi R -3 74 a  i s  do w nre gu la t ed  i n  t he  umb i l i ca l  
c o r d  b l oo d  ( U C B)  o f  i n fa n t s  wi th  h yp o x ic  i sc haemic  
e ncep ha l opa t h y ( HIE ) .  T he  do wn s t ream  t a r ge t s  o f  t h i s  mic ro R NA 
( miR N A)  a re  u nc lea r ,  bu t  one  p u ta t i ve  t a r ge t  i s  t he  ac t i vi n -A  
r ecep to r  t yp e  I Ib  ( AC V R2 B) .  AC V R2 B i s  r eq u i r ed  fo r  ac t i v in -A 
f un c t io n  a nd  p re v i ou s  r ep or t s  ha ve  sh o wn a l t e ra t io ns  o f  ac t i v in -
A l e ve l s  i n  ne ona ta l  HIE .  Ou r  a im  wa s  t o  i n ve s t i ga t e  t he  
e xp re ss io n  o f  t he  po te n t i a l  d ow n st ream  t a r ge t s  o f  miR -3 74a ;  
a c t i vi n -A an d  AC VR 2 B,  a t  b i r t h  i n  a  co ho r t  o f  fu l l  t e rm  in fa n t s  
w i t h  pe r ina t a l  a s ph yx i a  on l y ( P A) ,  an d  th o se  wi th  P A who  
d e ve l op ed  c l i n i ca l  an d  e l ec t r o gra ph ic  HIE .   
2 . 3 . 1 . 2  M et ho d  
U C B wa s  d ra wn a nd  p r oce s se d  imme dia t e l y a f t e r  de l i ve r y.  
Le ve l s  o f  se r um ac t i vi n -A we re  me as ur ed  us in g  E LIS A.  mR NA 
le ve l s  o f  AC VR 2 B in  w ho le  b lo o d  were  q uan t i f i e d  u s in g  qRT -
P C R.  O utco me  wa s  a s se s se d  a t  t h re e  yea r s  o f  a ge  u s in g 
s t a nda rd i se d  de ve lo pme nta l  a ss e s s me nt .  
2 . 3 . 1 . 3  R e su l t s  
In  t o t a l  17 7  i n f an t s  were  en ro l l e d ;  8 8  hea l t h y co n t ro l s ,  56  PA,  
2 8  HIE .  A s t a t i s t i ca l l y  s i gn i f i ca n t  e l e va t i on  o f  media n  ( IQ R)  
AC V R 2 B wa s  d e t ec t e d  i n  i n fa n t s  wi t h  se ve re  HIE  c om pare d  to  
m ode ra t e /mi ld  HIE ,  P A a nd  co n t ro l  g r ou p s  ( 3 . 3 ( 2 . 94 -3 .6 7)  vs  
0 . 91( 0 . 55 -1 .2 1)  vs  0 .8 8( 0 . 57 -1 . 38 )  vs  0 .8 4(0 .7 4 -1 . 24 ) ,  p -




A l e ve l s  wer e  e l e va t e d  in  i n fa n t s  wi th  se ve re  HIE ,  t h i s  e l e va t ion  
d id  n o t  r eac h  s i gn i f i ca nce .   
2 . 3 . 1 . 4  C o nc lu s i on  
AC V R 2 B ma y be  a  p o te n t i a l  n ove l  mar ke r  o f  HIE  se ve r i t y .  Th i s  
i s  t he  f i r s t  s tu d y t o  e xami ne  t he  r e l a t i on s h ip  be t ween  a c t i v in -A,  
i t s  r ece p to r  AV CR 2 B a nd  up s t ream  miR N A mi R -37 4a  in  co hor t  
o f  c a re fu l l y  ca t e gor i se d  a nd  p he no t yp e d  i n fa n t s .  We  ha ve  sh own 
t ha t  mi R N A a na l ys i s ,  co mbi ned  wi t h  d ow n st r eam  t a r ge t  
e xp l o ra t io n  ma y yi e l d  no ve l  b i omar ke rs  f o r  t he  p re d ic t i on  o f  





2 . 3 . 2  In t ro duc t io n  
H yp o x ic  i scha emic  ence ph a lo pa t h y ( HIE )  re ma in s  o ne  o f  t he  
l ea d i n g c au se s  o f  neo na ta l  mor t a l i t y  g l o ba l l y,  r e su l t i n g  i n  an  
e s t im a ted  o ne  mi l l i on  dea th s  e ac h  ye a r ,  wi t h  t he  sa me  num ber  o f  
c h i ld re n  su r vi v in g  wi t h  l on g  t e rm d i s ab i l i t y  (2 ) .  Ea r l y,  r a p id  
d e t ec t i on  o f  i n fa n t s  a t  r i s k  o f  h yp o x ic  i s chaem ic  b ra i n  i n j u ry  
im media t e l y a f t e r  d e l i ve r y may l ea d  to  t a r ge t e d  the ra peu t i c  
i n t e r ve n t io n ,  w hic h  in  t u rn  co u l d  re duc e  mo rb i d i t y  i n  t h i s  
vu l ne ra b le  p op u la t i on .  Comme ncem ent  o f  t he r ape u t i c  
h yp o t he rm ia  wi th in  s i x  h ou r s  o f  b i r t h ,  t he  on l y p r o ve n  t r ea tme nt  
f o r  m od e ra t e  a nd  se ve re  HIE  (12 6) ,  r e l i e s  on  s wi f t  an d  accu ra t e  
i den t i f i c a t io n  o f  i n fa n t s  t ha t  a r e  m o st  a t  r i s k  o f  b ra i n  i n j u r y .   
Al t ho u gh  m an y p o t en t i a l  m ar ke rs  ha ve  b een  s tu d ie d ,  n o  ea r ly  
r e l i a b l e  b io mar ke r  o f  h yp o x ic  b ra i n  i n ju r y ha s  bee n  va l i da t e d  f o r  
c l i n i ca l  us e .   
We  ha ve  re po r t ed  the  do wn re gu la t io n  o f  t h e  mic ro RNA  
( miR N A) ,  h sa -mi R -37 4a  (mi R -37 4a )  i n  t he  um bi l i c a l  c o r d  b l ood  
o f  i n fa n t s  wi th  HIE  (1 54) .  As  m iR N As  can  re gu la t e  t a r ge t  
me s se n ge rR N A ( mR N A)  e xp re s s i on  t h r ou gh  su pp re s s io n  o r  
d e grada t io n  ( 27 7) ,  e xami na t io n  o f  m iR N A:m R N A re l a t io ns h i ps  
ma y p r o v ide  no ve l  i n s i gh t s  i n to  t he  pa t ho lo gy o f  co nd i t i o n s  s uch  
a s  HIE .   U s i n g  o n l i ne  da t a bas e s  ( mic ro R N A,  Ta r ge t Sca n  a nd  
mi R Base ) ,  we  in ve s t i ga t ed  p o ten t i a l  d ow n st r eam t a r ge t s  o f  mi R -
3 7 4a .  One  t a r ge t  f o r  mi R -37 4a ,  r e pea t e d l y i den t i f i e d ,  i s  t h e  
ac t i vi n -A rece p to r  t yp e  I Ib  (AC V R 2 B) ,  o ne  o f  t he  p r imary  
r ecep to rs  r e qu i re d  fo r  t he  fun c t io na l  ac t i va t i on  o f  ac t i vi n -A  
( 27 8) .  
Ac t i v in -A,  a  me mbe r  o f  t he  t r ans f o rm in g  g r o wth  fac t o r  (T GF -β  )  
s u pe r fami l y,  ha s  bee n  r ep or t ed  to  be  inc rea sed  in  t he  C SF,  
a r t e r i a l  c o r d  b l oo d  a nd  u r i ne  o f  i n fa n t s  wi t h  mo de r a t e  a nd  se ve re  
HIE  ( 14 9 ,  27 9 ,  28 0) .  In  a dd i t i o n ,  i nc rea se s  i n  ac t i vi n  su bu n i t s  




b een  rep or t ed  in  a  Wi s t e r  r a t  m od e l  o f  u n i l a t e ra l  h yp o x ic  
i sc haemic  i n ju r y ( 28 1 ,  28 2) ,  s upp or t in g  the  t heo r y th a t  ac t i v in -A 
i s  r e l ea sed  i n t o  the  b lo od s t ream  ea r l y a f t e r  b ra in  i n j u r y ( 2 83) .  
N o  p re v io u s  s t ud y h a s  e xami ned  bo t h  AC V R2 B an d  a c t i v in -A in  
h uma n  sam ple s  fo l lo wi n g h yp ox ic - i sc haem ic  i n ju r y.  Du e  t o  i t s  
l i ke l y r o l e  a s  a  d o wn st ream  t a r ge t  o f  mi R -37 4a  ( cu r re n t l y t he  
o n l y mi R N A rep or t e d  to  be  dow n re gu la t ed  in  ne ona t a l  HIE ) ,  w e  
w i she d  to  i nc rea se  o ur  u nde r s t an d i n g  o f  t h i s  b i o lo g ica l  pa th wa y .   
T o  fu r t he r  e l uc i da t e  t h e  ro l e  o f  mi R -37 4a  in  t he  pa th op h ys i o lo gy  
o f  h yp o x ic  i schae mic  b ra in  in ju r y,  we  a ime d  t o  e xami ne  bo th  
ac t i vi n -A l e ve l s  a nd  th e  e xp re ss i on  o f  AC V R2 B m R N A a t  b i r th  
i n  a  co ho r t  o f  i n fa n t s  wi t h  PA a nd  HIE .  We  a l s o  a i med  to  
c or re l a t e  t he  l e ve l s  o f  t he se  p r o t e i n ,  mR N A a nd  m iR N A ma rke rs  





2 . 3 . 3  M et ho d s  
2 . 3 . 3 . 1  S t ud y P o pu la t i on  an d  Sam pl i n g  
T h i s  s tu d y i s  pa r t  o f  t he  Bi Hi VE St ud y ( Bi oma rke r s  f o r  Hyp o x ic  
I s c haem ic  E ncep ha l opa t h y)  w hic h  h as  rec e i ve d  e t h i ca l  ap pr o val  
f ro m t he  Cl i n i ca l  Re se a rc h  a nd  E t h i c s  Co mmi t t e e  o f  t he  C ork  
Tea ch i n g  Ho s p i t a l s .  Spe c i f i c  d e t a i l s  r e ga rd in g  rec ru i tmen t ,  
c on se n t ,  c l i n i ca l  a nd  e l e c t r o grap h ic  a s se s smen t  a nd  c or d  b l ood  
s am pl in g  h a ve  been  p r e vi ou s ly d e s c r ibe d  ( 15 4 ,  28 4)  bu t  a re  
o u t l i ne s  be l o w.   
 
R ec r u i tme nt  be ga n  i n  M a y 2 009  i n  C or k  U ni ve r s i t y  M a te rn i ty  
Ho s p i t a l ,  I r e l a nd  f o l lo wi n g  s t r i c t  r ec ru i t ment  c r i t e r i a ,  a nd  
c onc l ud ed  in  J une  2 01 1 .  In fa n t s  we re  deeme d  e l i gi b l e  fo r  t he  
s t ud y i f  t he y w ere  b or n  a t  3 6  wee ks  ges t a t i on  o r  g rea t e r ,  an d  had  
o ne  o r  m ore  o f  t he  fo l l o win g :  c o rd  p H < 7 . 1 ,  Ap ga r  s cor e  ≤ 6  a t  5  
mi nu te s  a nd /o r  r eq u i red  i n tu ba t i on  o r  ca rd i a c  pu lmo nary  
r e s u sc i t a t i o n  a t  b i r t h .   In fan t s  we re  e xc lu ded  f rom rec ru i tment  i f  
t he  ge s t a t io na l  a ge  wa s  < 36  wee ks  a t  b i r t h  o r  i f  t he re  we re  co -
e x i s t i n g  m or b i d i t i e s  s uch  a s  neo na ta l  s t r oke ,  se ps i s ,  m e tab o l i c  
e ncep ha l opa t h y o r  C NS  m a l f o rma t io n .  Wr i t t e n  in fo rme d  co ns en t  
w a s  ob ta ine d  f o r  a l l  i n fan t s  r ec ru i t ed .  Hea l th y c on t ro l  i n fa n t s  
w er e  rec ru i t ed  t h r ou gh  a  c on tem po ran eo us  b i r th -co ho r t  s tu dy  
( The  C or k  BAS E LIN E  Bi r th  Co ho r t  S t ud y 
w w w .b as e l in es tu d y. ne t ) .    
 
Al l  i n fa n t s  wi th  c l i n i ca l l y  s u s p ec t e d  HIE  ha d  a  s t a nda rd i sed  
me t ho d  o f  ne w bor n  ne ur o l og i ca l  a s se s smen t  ( Amie l -T i son  
N eu ro lo g ica l  As s e s smen t  a t  Te rm )  ( 16 0)  a nd  m ul t i - ch an ne l  EEG 
m oni to r in g  w hi c h  comm ence d  wi t h i n  t he  f i r s t  2 4h r s  o f  l i f e  a s  p e r  




Gr a de  o f  e ncep ha l opa th y w a s  a s s i gne d  u s in g  a  mo di f i ed  Sa r na t  
s co re  a t  24 hr s  a f t e r  b i r th  a nd  co nf i rme d  b y v i s u a l  EE G a na l ys i s  
b y a n  ex pe r t  i n  n eo na ta l  EE G ( GB) .  O u r  EE G gr a d in g  s ys t em  ha s 
a l s o  bee n  p re v i ou s l y r ep or t ed  (1 23 ) .  When  a  d i sc rep ancy  
o ccu r re d  b e t ween  c l in i ca l  a nd  e l ec t r o grap h ic  g ra d i n g o f  HI E ,  
EE G w a s  u sed  t o  a s s i gn  t he  HIE  gra de .   In f an t s  wh o  req u i red  
r e s u sc i t a t i o n  a t  b i r t h ,  me t  e n t r y c r i t e r i a ,  b u t  d id  no t  
s u b seq uen t l y de ve l op  c l in i ca l  e ncep ha l opa t h y w ere  de f in ed  a s  
p e r i na t a l  a sp h yx ia  ( P A)  wi th o u t  HIE .   
 
2 . 3 . 3 . 2  U m bi l i ca l  c o r d  b lo od  samp le s  
At  b i r t h ,  wh ole  b lo od  a nd  se r um  sam ple s  w ere  ob ta i ne d  f r om  th e  
u mbi l i ca l  co rd  o f  eac h  i n fa n t ,  p r oce s se d  a nd  s t o re d  wi t h i n  t h ree  
h o ur s  f r om de l i ve r y o f  t he  p l ace n ta .  Th es e  sam ple s  we re  
c o l l ec t ed  a nd  p r oce s sed  und e r  s t r i c t  s t a nda rd  ope ra t i ng  
p ro ced ure s  ( S O Ps ) .  3ml  o f  c o r d  b lo od  w as  p l a ced  in to  
Tem pu sT M Bl oo d  R N A tu be s  (Ap p l i e d  Bio s ys t em s,  Fo s t e r  C i ty,  
C A)  an d  b i oba nk ed  a t  -80 ⁰ C.  Once  c o l l ec t ed  a nd  a l l o wed  t o  c lo t ,  
s e r um sa mple s  we re  cen t r i f u ged  a t  2 , 40 0x g  fo r  1 0  m in  a t  4 ⁰C 
f o l l o wed  b y a  seco nd  sp i n  a t  30 0 0x g  f o r  1 0  min  to  re mo ve  a l l  
r ed  b l oo d  c e l l s ,  be fo re  be i n g  s to r ed  a t  -8 0 ⁰C .  
 
2 . 3 . 3 . 3  Ac t i v in -A E xp re s s io n  
T o  de t e rmi ne  t he  co nce n t ra t io n  o f  ac t i vi n -A i n  s e r um  UC B b l ood  
s am ple s ,  a  co mmerc ia l l y  a va i l a b l e  Du oS e t®  ( R& D S ys t em s,  
O x on ,  U K)  wa s  u se d  acc or d i n g t o  ma nu fac tu re r ’ s  i ns t r uc t i on s .  
T he  ran ge  o f  t he  a ss a y w as  12 5 -8 0 00  p g /m l  a nd  i n t e r / i n t ra  a s say  






2 . 3 . 3 . 4  AC V R 2 B m R N A e xp re s s io n  a na lys i s  
T o ta l  R N A w a s  i s o l a t e d  f rom  t he  w ho le  b l oo d  i n  t he  Te mp us  
s ys t e m u s i n g t he  Ma gM AX ™ fo r  S t a b i l i ze d  Blo od  T ub es  R NA 
Is o l a t i on  Ki t  a s  p e r  t he  ma nuf ac tu re r ’ s  i n s t r uc t i on s  ( Am bion ,  
Li f e  Tech no l o g ie s ,  Au s t i n ,  Tx ) .  Fi r s t  s t r an d  c D N A s yn t he s i s  was  
t hen  ca r r i e d  o u t  u t i l i z in g  the  Ap pl i e d  Bi o s ys t em s  Hi gh -Ca pac i ty  
c D N A R e ve r se  T ran sc r ip t io n  Ki t  ( Ap pl i e d  Bio s ys t em s,  Li fe  
Tec hn ol o gie s ,  Pa i s l e y,  U K)  acco rd in g  t o  ma nu fac t u r e r ’ s  
i n s t r uc t i on s .  AC V R2 B m RN A ex pr es s i on  wa s  a na l ys e d  u s in g  t he  
Ta q Man® Ge ne  E xp re s s io n  As s a y ( Ap pl i e d  Bi o s ys t e ms ,  Li fe  
Tec hn o l o gie s ,  Pa i s l e y,  U K) ,  u s in g  1 8s  a s  a  r e f e re nce  ge ne ,  o n  a  
R ot or  Ge ne  60 00  ( Co rbe t t  Li fe  Sc i e nce s ,  Qia ge n ,  Hi ld en ,  
Ge r man y) .  CT  va l ue s  we re  r eco rde d  f o r  a l l  s ampl es  a nd  
a l t e ra t io ns  i n  ex pre s s i on  we r e  a na l ys e d  u s i n g  t he  2 - Δ Δ C t  me th od  
( 28 5) .  
 
2 . 3 . 3 . 5  N eu ro de ve lo pme nta l  O utc ome  
D e ve lo pme nta l  ou t come  w as  a sse s sed  a t  36  mo nth s  o f  a ge  u s i ng  
t he  Ba yl e y S ca l e s  o f  In fan t  and  To ddle r  De ve lo pme nt  (E d .  I I I )  
[ BS ID -I I I ]  o r  t he  Age s  an d  Stage s  Que s t io nna i re  (E d .  I I I )  [ ASQ  
3 ]  w hen  the  BS ID -I I I  w a s  n o t  po s s i b l e .  Al l  BS ID -I I I  a s se s sme nt s  
w i t h in  th i s  s t ud y w er e  pe r fo rmed  b y a  ded i ca t ed  r e s ea rc h  fe l l ow 
( C A)  b l in ded  t o  t he  c l i n i ca l  h i s t o r y o f  t he  p a t i e n t s .  C omp o si t e  
s co re s  o f  t he  th ree  s ub sca l e s ;  c o gn i t i ve ,  l a n gua ge  an d  m otor  
w er e  de t e rmi ne d .  I f  a n  i n fa n t  wa s  una b le  t o  a t t e nd  f o r  BS ID -I I I  
a s se s smen t  pa ren t s  we re  a ske d  t o  com ple t e  t he  Age s  a nd  Sta ges  







T he  Age s  an d  Sta ges  Q ue s t i on na i re  ( AS Q 3)  i s  a  va l ida t ed ,  
p a re n t -com ple t e d  de ve lo pme nta l  sc r een i n g  que s t i on na i re .  I t  
c on s i s t s  o f  30  d e ve l opm enta l  i t em s  o r gan i se d  in t o  f i ve  a rea s :  
C omm un ica t i on ,  Gr o ss  M ot or ,  F i ne  Mo to r ,  P ro b lem S o l vi n g  and  
P e r s ona l -So c ia l .  Que s t i on na i re s  fo r  eac h  c h i l d ’ s  a pp ro pr i a t e  a ge  
i n t e r va l  we re  ad min i s t e re d .  
 
In f an t s  we re  d i v ide d  i n to  t wo  g r o up s  f o r  ana l ys i s ;  a  n orma l  o r  
a bn orma l  ou tcom e .  In fa n t s  we re  a ss i gned  t o  t he  a bn or mal  
o u tc ome  gr ou p  i s  t h e y s u f fe re d  ne ona ta l  dea th ,  c e re bra l  pa l s y,  
a u t i sm or  s i gn i f i can t  d e ve l op me nta l  de l a y.  In fa n t s  we re  deemed  
t o  ha ve  s i gn i f i ca n t  de ve l opm enta l  de l a y i f  t he y s c o red  ≤  85  in  
t w o  o r  m ore  s ub sca l e s  o f  t he  BS ID -I I I .  Fo r  t ho se  c h i l d re n  who  
w er e  a s se ss ed  u s in g  AS Q  a l one ,  r e s u l t s  we re  c on s i de red  
a bn orma l  i f  s co re s  i nd ica t e d  th e  nee d  fo r  fu r t he r  a s se s sment ,  
f a l l i n g  >  2  S D be l o w t he  s t an da rd i se d  mean  i n  tw o  o r  m ore  
a rea s .  
 
2 . 3 . 3 . 6  S ta t i s t i ca l  Ana l ys i s  
S t a t i s t i ca l  ana l ys i s  wa s  pe r fo rme d  u s i n g  IBM  S PS S  Sta t i s t i c s  22  
( S P S S  Inc . ,  U S A) .  Ko lm o gor o v -S m i r no v  a nd  Sh ap i ro -Wi l k  t e s t s  
w e r e  ru n  t o  e s t a b l i s h  i f  da t a  was  no rma l l y d i s t r i b u te d .  Fo l l o wing  
t h i s ,  a l l  pa ra me t r i c  da t a  wa s  an a l ys e d  us in g  s tu de n t  t - t e s t s  o r  
o ne  wa y AN O V A f o l lo we d  b y T u ke y -b  p o s t  ho c  t e s t s .  Re su l t s  a re  
r ep or t e d  a s  mean  ( s t a nda rd  de v ia t io n) .  Al l  no n -pa ra me t r i c  d a ta  
w a s  ana l ys e d  u s in g  Ma nn -Wh i t ne y a nd  Kr u ska l -Wal l i s  t e s t s ,  
r e s u l t s  a re  r e po r t ed  a s  me dian  ( IQ R )  o r  m edia n  [ Min -M ax] .  
S p ea rma n’ s  ran k  co r re l a t i on  c oe f f i c i en t s  we re  ca l c u la t e d  to  t e s t  
t he  re l a t i on s h ip  be t wee n  m iR -3 7 4a  a nd  AC V R2 B.  S ta t i s t i ca l  





2 . 3 . 4  R e su l t s  
2 . 3 . 4 . 1  S t ud y P o pu la t i on  
In  to t a l  17 2  i n fa n t s  we re  inc l ude d  i n  t h i s  s t ud y;  8 8  c on t ro l s  a nd  
8 4  ca se s .  Of  t he  84  ca se s ,  5 6  w ere  c l a s s i f i ed  a s  pe r i na t a l  
a sp h yx ia  wi t ho u t  HIE  ( P A)  an d  2 8  wi t h  HIE  (1 7  mi ld ,  6  
m ode ra t e  HIE  an d  5  wi th  se ve re  HIE ) .  Po pu la t io n  demo gr ap h ic s  
f o r  t he  en t i r e  co ho r t  a re  sh o wn  i n  T able  2 . 6 .   O f  t he  1 72  i n fa n t s  
i n  t he  s t ud y,  1 54  h ad  mea su rab le  se r um l e ve l s  o f  a c t i v in -A a nd  
3 9  in fa n t s  had  R N A a va i l a b l e  fo r  AC VR 2 B m R N A m ea su rement .  
2 2  in f an t s  ha d  a pp ro pr i a t e  samp le s  ( se ru m a nd  R N A)  a va i l ab l e  
f o r  m ea sur emen t  o f  bo t h  ac t i v in -A a n d  AC V R2 B.  In f an t  num bers  
f o r  eac h  a na l ys i s  g r ou p  a re  d i scu s se d  in  de t a i l  be l ow .   
 
2 . 3 . 4 . 2  Ac t i v in  A E xp re s s io n  
O n  ana l ys i s  o f  E LIS A re s u l t s ,  1 5 4  o f  t h e  1 72  in fan t s  r ec ru i t ed  
( 90 %) ,  ha d  m ea su rab le  l e ve l s  o f  ac t i v in -A,  t h e  rema i n in g  10% 
w er e  exc lu ded  a s  e i t he r  no  se r um sam ple s  we re  a va i l a b l e  f o r  
a na l ys i s  ( 11  c on t ro l s  a nd  5  ca s e s  )  o r  on  a na l ys i s ,  mea su red  
l e ve l s  we re  deeme d  o u t s i de  o f  t he  E LIS A a s sa y r an ge  
( >1 25 p g/ml ,  2  ca se s ) .  N o  s t a t i s t i ca l l y  s i gn i f i can t  d i f fe r ence  in  
s e r um  ac t i v in -A l e ve l s  we re  o bs e r ve d  be t ween  ca se  ( n=7 7)  and  
c on t ro l  i n fa n t s  (7 7)  wi t h in  t h i s  s t ud y ( p= 0. 68 4) .  S imi l a r l y,  w hen  
ca se  i n fa n t s  we re  g r ou pe d  a s  PA w i th ou t  HIE  ( n= 52 )  a nd  i n fa n t s  
w i t h  HIE  (n =2 5) ,  no  d i f fe re nce  wa s  ob se r ve d  ( p =0 .6 21 ) .  An  
i nc re as e  i n  ac t i v in -A e xp re s s ion  wa s  o bs e r ved  wi th in  the  se ve r e  
HIE  gr o u p .  Ho we ve r ,  t h i s  d id  no t  r eac h  s t a t i s t i c a l  s i gn i f i c ance ,  
p o s s ib l y due  to  t he  sma l l  sam ple  s i ze  ( n= 3) ;  ( Fi gu re  2 . 5 ,  T ab le  
2 . 7 ) .   An  op t i mum  cu t -o f f  va l ue  o f  ≥ 0 . 66 n g /L i n  UC B was  
p re v io u s l y re po r t ed  to  i de n t i f y i n fa n t s  wi t h  m ode ra t e  an d  se ve re  
HIE  w i t h  93 %  s en s i t i v i t y  a n d  9 6%  sp ec i f i c i t y  ( 6 ) .  On  t e s t i ng  
t h i s  cu t -o f f  va lue  wi t h i n  ou r  coh or t ,  a  sen s i t i vi t y  an d  spec i f i c i t y  




 C on t r ol  ( C )   Per i n at a l  
A s ph y xia  (P A )  
H I E (H)  
 n = 8 8  n = 5 6  n = 2 8  
Ge s ta t i on  (w ks + d)  4 0+ 2  (0 +1 )  4 0+ 3  (0 +2 )  4 0+ 6  (0 +3 )  
B ir t h  Wei g ht  ( g )  3 5 27  (4 03 .8 )  3 5 82  (5 62 .7 )  3 6 06  (6 02 .1 )  
Ge n der  (M /F)  5 4 /34  3 5 /21  1 8 /10  
M ode  of  D e l iv ery     
S V D  3 8  (4 3% )  1 9  (3 4% )  6  ( 21 %)  
I n s tr u me n t a l  
D e l i very  
3 2  (3 6% )  2 8  (5 0% )  1 5  (5 4% )  
E lec t ive  Cae s area n  
S ec t i on  
7  ( 8% )  … .  … .  
E me r ge ncy  
C ae s are an  Sec t i on  
1 1  (1 3% )  9  ( 16 %)  7  ( 25 %)  
1  mi n  A pg ar*  9  ( 9 -9 )  5  ( 3 -7 )  3  ( 1 -5 )  
5  mi n  A pg ar*  1 0  (9 -1 0)  8  ( 7 -9 )  6  ( 3 -7 )  
C or d pH *  7 . 21  (7 .1 4 -7 . 26 )  7 . 03  (6 .9 8 -7 . 08 )  6 . 96  (6 .9 1 -7 . 09 )  
*  Rep re se n t s  a  p -v a l ue  o f  < 0 . 00 1  be twe en  gr ou p s  ca l cu l a t e d  us i ng  Kr u ska l - Wal l i s  o r  M an n  Wh i tne y  U t e s t s .  
M ,  m ale ;  F ,  f em ale ;  SV D,  s po n ta ne ou s  va g in a l  de l i ve ry .  





Fi gu re  2 .5 :  B ox plo t  rep re se n t i ng  se ru m  l eve l s  o f  a c t i v i n -A  
(p g /m l )  i n  he a l t hy  co n t ro l s  ,  i n fa n t s  wi t h  pe r i na t a l  a sp hyx i a  
(P A)  wi th ou t  hy po x ic  i s ch aem ic  e ncep ha lo pa t hy  (H IE )   a nd  
i n fa n t s  wi t h  c on f i rm ed  m i ld  HIE  ,  m ode r a te  H IE   an d  seve re  
H IE .  
 
2 . 3 . 4 . 3  AC V R 2 B E xp re s s io n  
U m bi l i ca l  wh ole  b l oo d  sam ple s  s u i t ab l e  fo r  m R N A an a l ys i s  w e re  
a va i l a b l e  f o r  39  i n fa n t s  r ec ru i t ed  to  t he  s tu d y ( 13  c on t r o l ,  16  PA 
f i ve  m i ld ,  t wo  m ode ra t e  a nd  t h ree  se ve re  HIE ) .  Ana l ys i s  o f  q RT -
P C R  re vea l ed  a n  e l e va t i on  o f  t he  AC VR 2 B ex pre s s i on  i n  t he  
u mbi l i ca l  co rd  b lo od  o f  i n fa n t s  w i t h  se ve re  HIE  c omp are d  t o  a l l  
o the r  g r ou p s  ( Ta ble  2 . 7 ) .  S t a t i s t i ca l l y  s i gn i f i can t  e l e va t io ns  in  
e xp re ss io n  we re  ob se r ve d  s pec i f i ca l l y  b e t wee n  t he  co n t r o l  a nd  
s e ve re  HIE  gro up  ( p= 0. 02 7)  a nd  be t wee n  t he  pe r ina t a l  a sp h yx ia  
a nd  se ve re  HIE  gr ou p  ( p= 0. 02 5)  an d  be t wee n  th e  mi ld /mo de ra te  






Fi gu re  2 .6 :  B ox p lo t  rep re se n t in g  re la t i ve  qu an t i f i c a t io n  (R Q)  
v a lue s  o f  AC VR2B  in  u m bi l i ca l  co r d  w hole  b lo od  in  h ea l th y  
c on t r o l s  (n =1 3 ) ,  i n f an t s  wi th  p er in a ta l  a s phy x ia  (PA )  wi t hou t  
h yp ox ic  i s ch ae mic  e nce ph a lo pa th y  (H IE)  (n =1 6)  a nd  in f an t s  wi th  
c on f i r me d  m i ld  HIE  (n =5) ,  m ode ra te  H IE  (n =2 )  a nd  seve re  HIE  
(n =3 ) .  A s i gn i f i can t  i nc rea se  in  AC V R 2 B l e ve l s  w ere  o b se r ved  
b e t ween  t he  co n t ro l  a nd  se ve re  HIE  gr o u p  ( p=0 .0 4)  a nd  be t ween  
t he  P A a nd  se ve re  HIE  gr ou p  (p =0 .0 3) .   *  re p res en t s  a  
s t a t i s t i c a l l y  s ig n i f i c an t  d i f f e re nce  o f  <0 .0 5  be t wee n  c on t r o l  and  
s eve re  H IE  g ro up ,  b e twee n  PA  an d  seve re  HIE  g ro up  a nd  




G r o u p   A c t i v i n -A 
p g /m l  ( n = 15 4)  
 A C VR 2B 
R Q  ( n =3 9)  
C o nt ro l  n = 7 7  4 9 4 . 6  ( 27 9 . 8 -83 8 . 1 )  n = 1 3  0 . 83 8  ( 0 . 74 -1 .2 4)  
P A n = 5 2  5 1 6 . 3  ( 25 7 . 3 -87 1 . 3 )  n = 1 6  0 . 88 3  ( 0 . 57 -1 .3 8)  
M il d / Mo de ra te  H I E  n = 2 2  6 0 4 . 5  ( 23 6 , 6 -96 2 . 1 )  n = 7  0 . 91 0  ( 0 . 55 -1 .2 1)  
S eve re  H IE  n = 3  8 4 6 . 3  ( 72 4 . 6 -20 19 .4 ]  n = 3  3 . 30 4  ( 2 . 94 -3 .6 7)  
  M a nn  W hi t ney  U Te st s  
( p= )  
 M a nn  W hi t ney  U Te st s  
( p= )  
 ( n  v s .  n)   ( n  v s .  n)   
C o nt ro l  v s .  P A  7 7  v s .  52  0 . 93 9  1 3  v s .  16  0 . 87 8  
C o nt ro l  v s .  Mi l d / Mo de ra t e  
H I E 
7 7  v s .  22  0 . 62 6  1 3  v s .  7  0 . 87 4  
C o nt ro l  v s .  Seve re  H IE *  7 7  v s .  3  0 . 07 1  1 3  v s .  3  0 . 02 7*  
P A v s .  Mi l d / Mo de ra te  H I E  5 2  v s .  22  0 . 71 6  1 6  v s .  7  0 . 94 7  
P A v s .  Seve re  H IE *  5 2  v s .  3  0 . 08 8  1 6  v s .  3  0 . 02 5*  
M il d /  M ode r a te  H IE  v s .  
S eve re  H IE *  
2 2  v s .  3  0 . 19 0  7  v s .  3  0 . 04 0*  
T a ble  2 . 7 :  Su m ma ry  o f  a l l  a c t i v i n -A  an d  A CVR2 B co m pa ri so ns  b e twee n  gr ou p s .  Da ta  re pre sen ted  a s  
M ed ian  ( IQ R)  o r  Me dian  [ min -m ax ]  *  re pre se n t s  a  s t a t i s t i ca l l y  s i gn i f i c an t  d i f f e rence  o f  <0 .0 5  o f  





2 . 3 . 4 . 4  AC V R 2 B a nd  mi R -37 4a  Co r re l a t i on  
U m bi l i ca l  c o r d  b lo od  mi R -37 4a  l e ve l s  f o r  a  n umbe r  o f  i n fa n t s  
w i t h in  th i s  c oh or t  ha ve  p re v iou s l y been  rep or t ed  (1 54 ) .  O f  t h e  
3 9  i n fa n t s  wi th  AC V R 2 B r e s u l t s  i n  t h i s  s t ud y,  3 6  i n fa n t s  ( 13  
c on t ro l ,  14  P A a nd  9  HIE )  had  p re v io us l y rep or t ed  miR -3 74a  
l e ve l s  a va i l ab l e  fo r  i n ve s t i ga t i on .  S pea rm an  ra nk  co r r e l a t i on  
a na l ys i s  f ou nd  a  wea k  i n ve r se  co r r e l a t i on  b e t ween  l e ve l s  o f  m iR -
3 7 4a  a nd  AC VR 2 B ( r= -0 .2 81 ,  p= 0. 09 ) .  
 
2 . 3 . 4 . 5  AC V R 2 B a nd  Ac t i v in -A C o r re l a t i on  
M ea su ra b le  ac t i vi n -A an d  AC VR 2 B l e ve l s  we re  a va i l a b l e  fo r  21  
i n fa n t s  (2  c on t ro l ,  1 1  P A,  8  HIE ) .  On  ana l ys i s ,  a  p o s i t i ve  
c or re l a t i on  w as  o bs e r ved  be tw ee n  l e ve l s  o f  AC V R2 B a nd  
ac t i vi n -A ( r= 0 . 41 6 ,  p=0 .0 5) ,  w i t h  b o th  t he  mR N A a nd  t he  
p ro t e in  i nc rea s in g  wi t h  l e ve l  o f  HIE  s e ve r i t y .    
 
2 . 3 . 4 . 6  O u tcome  a t  t h ree  yea r s  o f  a ge  
O f  the  17 2  in fa n t s  i n  t h i s  s t udy,  f o ur  ( s e ve re  HIE )  d i ed  wi t h in  
t he  pe r in a t a l  p e r i od  a nd  10 1  (60 %)  un de r we nt  l on g - t e rm  f o l l ow -
u p  a t  t h ree  ye a r s  o f  a ge .  Al th ough  a l l  e f f o r t s  we re  m ade  t o  re t a in  
p a r t i c ipa n t s  i n  t he  s t ud y,  a  n um ber  o f  f am i l i e s  we re  n on -
c on ta c t ab le  a t  t he  t i me  o f  ne ur ode ve lo pme nta l  f o l l ow -up ,  
r e s u l t i n g  in  a  l os s  o f  num ber s  wi t h i n  ou r  co n t ro l  a nd  P A gr o up s .  
6 2  in fa n t s  a t t en de d  BS ID -I I I  ap po in tm ent s ;  24  co n t ro l s ,  2 3  
p e r i na t a l  a sp h yx ia ,  1 0  mi l d  HIE ,  fo ur  mo de r a t e  HIE  an d  one  
s e ve re  HIE ,  wh i l e  a  f u r the r  3 8  AS Q  a s se s sme nt s  were  a va i l ab l e .  




mi ld  HIE  in fan t s .  C o l l ec t i ve l y,  5 3 /88  c on t ro l s  (6 0% ) ,  30 /56  PA  
( 54 %) ,  21 /2 8  HIE  (7 5% )  ou tc ome s  a t  t h r ee  ye a r s  were  a va i l a b l e .    
 
9 0  o f  t he  1 54  in f an t s  ( 58 %)  wh o  ha d  m ea su rab le  ac t i vi n -A l e ve l s  
r ece i ved  lo n g  t e rm  f o l l ow -u p  a t  t h ree  ye a rs  o f  a ge ;  45  co n t r o l  
i n fa n t s ,  27  i n f an t s  wi t h  P A on l y,  1 1  mi ld  HIE ,  fo ur  m ode ra t e  
HIE  an d  t h ree  in fan t s  w i th  seve re  HIE ,  r e pre se n t i n g re t e n t i on  
r a t e s  o f  58 %,  52 % an d  7 2 %  fo r  co n t ro l s ,  P A a nd  HIE  gr oup s  
r e s pec t i ve l y.  O f  t he  45  co n t r o l  i n fa n t s ,  44  ha d  a  n orm al  
d e ve l op ment a l  ou tc ome .  O f  t he  in fan t s  wi t h  P A,  3 /27  i n fa n t s  
w er e  f ou nd  t o  ha ve  a n  ab no rma l  ou tc ome  a t  t h ree  ye a r s  o f  a ge .  
Fi n a l l y  o f  t he  18  i n fa n t s  wi th  HIE ,  7 /18  h ad  a n  ab no rma l  
o u tc ome  a t  t h ree  ye a r s ,  i nc l ud in g  t wo  d ea th s .  Al l  n in e  i n f an t s  
w i t h  ab no rma l  o u tc ome s  u nd e r we nt  BS ID -I I I  a s s e s smen t s .   
In f an t s  wi t h  an  ab no rma l  ou tco me  ( i nc l ud i n g th os e  w ho  d i e d)  
h ad  e l e va t e d  l e ve l s  o f  co rd  b loo d  ac t i v in -A c om par ed  to  t ho se  
i n fa n t s  w i th i n  the  no rma l  g ro up ,  ho we ve r ,  t h i s  e l e va t i on  d id  no t  
r each  s i gn i f i canc e  ( p= 0. 15 ) .  Fu r t h e rm ore ,  a s  a  su b s t an t i a l  
o ve r l ap  o f  e xp re s s io n  l e ve l s  ex i s t  be t wee n  g r ou p s ,  we  fa i l ed  to  
c rea t e  an  op t imu m c u t -o f f  va lue  u s in g  RO C c ur ve  a na l ys i s  ( be s t  
a t t em pt ;  4 32 p g /ml  w hich  ach ie ve d  a n  AU C  o f  0 . 59 2 ,  a  
s en s i t i v i t y  o f  64 %,  sp ec i f i c i t y  o f  4 6% ,  p o s i t i ve  p red ic t i ve  va lu e  
o f  14 % an d  ne ga t i ve  p red ic t i ve  va lue  o f  90 %) .     
O f  th e  i n fa n t s  w ho  ha d  rep or t ab l e  AC V R2 B mR N A le ve l s ,  t wo  
i n fa n t s  ( se ve re  HIE )  d i ed  w i th in  the  pe r ina t a l  p e r i od  an d  20  
( 54 %)  ha d  n eu ro de ve l op ment a l  f o l l o w -up  a t  t h ree  ye a rs  o f  a ge ;  
1 9 /22  wi th  a  n orm a l  ou t come ,  an d  3 /22  wi t h  a bn orm a l  ou t come .   
Al t ho u gh  a  t r e nd  to  i nc rea se d  AC V R 2 B m R N A wa s  o b se r ved  in  
i n fa n t s  wi t h  a bn orma l  o u tc ome ,  t h e  n umb er s  i n  t he  a bn orma l  





2 . 3 . 5  D i scu s s i on  
We  h a ve  sh o wn  th a t  a  c om bi na t i on  o f  b i omar ke r  d i sco ve ry  
t ec hn iq ue s  inc lu d in g  t r an sc r ip to mic s  an d  t he  in ve s t i ga t i on  o f  
d o wn st ream t a r ge t s  o f  mi RN As  ma y p r o v ide  c an d ida te  
b ioma rk e r s  i n  neo na ta l  HIE .  Th i s  i s  t he  f i r s t  s tu d y t o  exa min e 
t he  re l a t i o n sh i p  be t wee n  ac t i v in -A,  i t s  r ecep t o r  AV C R2 B and  
u p s t ream mi R N A miR -3 74a  in  t he  same  gr ou p  o f  ca r e f u l ly  
ca t e gor i se d  an d  phe no t yp ed  i n fa n t s .  We  ha ve  ob se r ve d  a  
s i gn i f i ca n t  e l e va t i on  o f  AC V R2 B m R N A ex pre s s i on  in  i n f an t s  
w i t h  se ve r e  HIE  c om pare d  to  hea l th y c on t r o l s ,  i n fan t s  wi t h  PA  
o r  m i ld  to  mo de r a t e  HIE .  Ad di t i o na l l y,  we  ha ve  a t t emp ted  to  
va l id a t e  t h e  p re d ic t i ve  e f f i c ac y o f  um bi l i c a l  co rd  b lo od  ac t i vin -
A l e ve l s  t o  de t e rmin e  g ra de  o f  ence ph a lo pa t h y an d  s ub se que n t  
n eu ro de ve lo pmen ta l  o u tco me  a t  t h ree  ye a rs  o f  a ge .  We  ha ve  
s h o wn  a  g rea t e r  i n c rea se  i n  t he  ex pre s s i on  o f  AC VR 2 B in  
u mbi l i ca l  co rd  b l oo d  com pare d  to  t he  b in d i n g  p ro t e in  ac t i v in -A.   
T he  f i e l d  o f  miR N A re sea rch  co n t i nue s  t o  g ro w  ( 28 6 -28 8) .  As  
t i n y n on -co d i n g  R N A molec u le s  w hic h  a re  s t ru c tu ra l l y  s t a b l e  i n  
t he  c i rc u l a t o r y s ys t em  ( 28 9)  mi R N A,  p o ten t i a l l y  c o up le d  w i th  
t he i r  do w n st re am  t a r ge t s ,  ha ve  th e  p o ten t i a l  t o  im pr o ve  a nd  e ven  
r e f o rm ou r  c ur ren t  me t ho d s  fo r  c l a s s i f yi n g  n eo na ta l  h yp o x ic  
i sc haemic  b ra i n  in j u r y.  O u r  recen t  w or k  ha s  i de n t i f i ed  a  spec i f i c  
mi R N A s i gna t u re  f o r  ne ona t a l  P A an d  HIE  in  um bi l i ca l  c o rd  
b lo od .  Of  t he  70  miR N A f ou nd  t o  be  d i f fe r en t i a l l y  ex pre s sed ;  
t he  mo st  p rom is in g  wa s  mi R -37 4a  ( 15 4) .  Ve r y l i t t l e  i s  kn o wn 
a bo u t  t he  fu nc t i on  o f  m iR -3 74a  an d  a s  a  r e s u l t ,  i t  i s  unc l ea r  i f  
a l t e ra t io ns  o f  mi R -37 4a  l e ve l s  a re  t he  “c au se  o r  e f fec t ”  o f  
h yp o x ic  i sc haem ic  i n j u r y.   
O n l ine  da t a ba se s  s uc h  a s  m iR Ba se ,  Ta r ge t Sca n ,  a nd  m ic r oR NA 
o f f e r  l a r ge  re po s i t o r i e s  o f  m iR N A an d  t he i r  p re d ic t e d  t a r ge t s  
( 29 0 -29 2) .  U s i n g s pec i f i c  a l gor i t hm s,  eac h  d a t ab ase  o f fe r s  l i s t s  




r e s ou rce s ,  we  i den t i f i e d  AC VR 2 B a s  a  po t en t i a l  d o wn st ream 
t a r ge t  o f  m iR -3 74a .  The  po t en t i a l  b in d in g  s i t e s  f o r  m iR -3 74a  a nd  
AC V R 2 B a re  d i s p l a ye d  i n  Figu re  2 . 7 .  Fo r  t h i s  mi R N A,  t a r ge t  
i n t e r ac t i on  wi th  AC VR 2 B ha s  ye t  t o  u nde r go  fu nc t i ona l  
c on f i rm a t io n .  T h i s  c on f i r ma t i on  wi l l  r eq u i re  e xp re ss ion  
ma nip u la t io n  an d  su b seq uen t  a na l ys i s  o f  cu l tu re s  ce l l s  u s ing  
w h ole  gen ome  mic roa r ra y a n a l ys i s  o r  b y u t i l i s in g  ne wl y r e por t ed  
mi R N A-r ep or t e r  gene  a s sa ys  a s  ou t l i ne d  b y Ca r r o l l  e t  a l .  (2 93) .  
O u r  p re l imi na r y da t a  i n  huma n  um bi l i ca l  co r d  b l oo d  t a ken  
im media t e l y a f t e r  b i r th  i s  t he  f i r s t  c l i n i ca l  e vi den ce  o f  t he  
b io l o g ica l  p l a u s ib i l i t y  o f  t h i s  t a r ge t  pa th wa y.   We  ch o se  to  f i r s t  
e xami ne  the  c l i n i c a l  e vi de nce  in  a  ca re f u l l y  r ec ru i t ed  c oh or t  a nd  




 F ig u re  2 . 7 :  Hs a - mi R- 37 4a  /  A CVR 2B A l ig n men t  
 
AC V R 2 B i s  a  t yp e  2  ac t i vi n  rece p to r  kn o wn  to  b i nd  ac t i vi n s  a nd  
o the r  T G F-β  s upe r fa mi l y mem be rs .  Fu n c t io na l l y,  t he se  rece p to r s  
a re  b e l i e ved  to  be  i n vo l ved  in  t he  s i gna l  t r a n sd uc t i on  pa t h way  
( 29 4) .  Whi l e  t he  ma j or i t y  o f  c u r ren t l y a va i l ab l e  l i t e r a tu re  on  
AC V R 2 B i s  foc us ed  o n  rece p to r  i n t e rac t i on  wi th  m yo s ta t in  a nd  
i t s  r o l e  i n  mu sc l e  d e ve l op ment  an d  de ge ne r a t io n  (2 95 ) ,  i t  ha s  
a l s o  bee n  r e vea l ed  a s  a  m od ula t o r  o f  p r o gramme d ne ur ona l  ce l l  




t h r ou gh  b i nd i n g  wi t h  i t s  r ece p t o r  c ompl exe s  an d  ha s  b een  sh own 
t o  ha ve  th ree  to  fo ur  t i me s  h igh e r  a t t r ac t io n  to  AC V R2 B o ve r  
AC V R 2 A ( 29 7) .  Up re gu la t io n  o f  ac t i vi n -A an d  up re gu la t i on  o f  
i t s  p re fe r re d  re cep t o r  ma y the re f o r e  oc cu r  i n  t an dem ,  in  re s po nse  
t o  h yp o x ic  i s chae mic  in j u r y.   
T he  e x te n s i ve  e xp re ss io n  o f  ac t i v i n  su bu n i t s  an d  rece p to r s  has  
r e s u l t e d  i n  t he i r  a s so c i a t i on  wi th  a  p l e th ora  o f  d i f fe r e n t  
mec ha n i s t i c  pa th wa ys  a nd  c on d i t i o ns ,  i nc lu d in g  HIE  ( 29 8 -30 0) .  
In  1 99 6 ,  La i  e t  a l .  de s c r i bed  in c rea se s  i n  ac t i v i n  s ub un i t  and  
r ecep to r  m RN As  fo l lo wi n g  h yp o x ic  i sc haemi c  in ju r y,  whi ch  we re  
f u r the r  e xace r ba t e d  b y s u b seq ue n t  s t r ok e ,  i n  a  un i l a t e ra l  m ode l  
o f  h yp o x ic  i sc haemic  in j u r y  i n  Wi s t e r  r a t s  ( 28 1) .  T hes e  
o b se r va t i on s  were  l a t e r  co nf i rme d  b y Wu  e t  a l .  1 99 9 ,  w ho  
a dd i t i o na l l y e xamin ed  the  ne uro -p ro t ec t i ve  po te n t i a l  o f  ac t i vin -
A i n f u s io n s  f o l l o win g  i n ju r y ( 28 2) .  E le va ted  l e ve l s  o f  ac t i v i n -A 
h a ve  a l so  been  re po r t ed  in  c ond i t i on s  i n vo l vi n g  o t he r  fo rm s  o f  
n eu ro na l  da ma ge ,  i nc lu d in g  i n t ra ven t r i c u l a r  haem or rh a ge ,  
p aed i a t r i c  ope n  he a r t  su r ge r y a nd  t r aum a t i c  b ra i n  in j u r y ( 2 83 ,  
3 0 1)  fu r t he r  su pp or t i n g  t he  be l i e f  t ha t  e l e va t ed  l e ve l s  o f  ac t i vin -
A a re  de t ec t a b le  i n  t he  b l oo ds t ream fo l l o wi n g  n eu ro na l  ce l l  
d ea th .  
T he  f un c t io na l  mecha n i sm an d  pa t hwa ys  a s soc i a t e d  wi th  miR -
3 7 4a  ha ve  ye t  t o  be  re vea l e d ,  ho we ve r ,  t he  p o te n t i a l  co up l in g  o f  
mi R -37 4a  an d  AC V R2 B ma y p l a y a  r o l e  i n  t he  C NS  r e s po n se  to  
h yp o x ic  i sc haemic  in j u r y.   As  sma l l  n on -co d in g  RN A,  mi R NA 
a re  b e l i e ved  t o  e xe r t  t he i r  fu nc t i on a l  p o wer  b y re gu l a t ing  
d o wn st ream  m R N A ex pre s s i on  th ro u gh  se mi -c om pl ime nta ry  
b in d in g  wh ich  wi l l  e i t he r  b l oc k  t r an s l a t io n  o f  t he  m R N A o r  
r ed uce  t he  s t a b i l i t y  o f  t he  m RN A,  a nd  in  t h i s  wa y mar k  i t  fo r  
d e grada t io n  ( 28 8) .  Ho we ve r ,  i t  r ema i n s  u nc lea r  i f  ne ga t i ve  
f eed bac k  lo op s  e x i s t  wi t h i n  th i s  s ys t em whe re  m R N A o r  p ro t e in  
l e ve l s  a l s o  ex e r t  a n  up s t ream e f f ec t  t o  r e gu la t e  mi R NA 




s pe c i f i c  mi R N A i s  do w nre gu la t e d ,  ex pr e s s i on  l e ve l s  o f  t he  
d o wn st ream  t a r ge t s  m a y be  e l e va t e d  d ue  to  a  l ac k  o f  r ep re s s io n .  
In  t h i s  ca se ,  a s  we  ha ve  s ho wn ,  mi R -37 4a  i s  do w nre gu la t ed  i n  
i n fa n t s  wi t h  P A a nd  HIE ,  wi th  a  co r re s po nd i n g e l e va t io n  o f  
AC V R 2 B mR N A a nd  ac t i vi n -A o b s e r ved .  Al t ho u gh  a  w eak  
c or re l a t i on  ha s  be en  fo un d  be t wee n  m iR -3 74a ,  AC V R2 B a nd  
ac t i vi n -A ex pre s s i on  in  t h i s  c oh or t ,  we  ack no wle d ge  fu r the r  
va l id a t io n  u s in g  3 ’ -U TR  b i nd ing  l uc i f e ra se  a ss a ys  a re  re qu i red  
t o  c on f i r m t he  do w n st rea m b in d in g  o f  mi R -37 4a  wi th  ACR V 2 B.   
Wh i l e  t he  exac t  r e l a t i on sh ip  be t wee n  m iR -3 74a  an d  AC V R2B 
r ema i ns  t o  be  c onf i rme d ,  we  h a ve  ob se r ve d  a  wea k  ne ga t i ve  
c or re l a t i on  b e t ween  l e ve l s  o f  miR -3 74 a  a nd  AC V R2 B wh en  
c ompa r i n g  l e ve l s  wi t h in  t he  s ame  co ho r t  o f  i n fan t s .   
P r omi s i n gl y,  w e  ha ve  sh ow n a  s i gn i f i ca n t  i nc r ea se  i n  AC V R2B 
m R N A le ve l s  i n  i n fa n t s  wi t h  se ve re  HIE  com par ed  t o  o the r  
g r a de s ,  n on -enc ep ha lo pa t h i c  P A an d  co n t r o l  i n fan t s ,  s u gge s t i ng  
t ha t  AC VR 2 B a na l ys i s  ha s  po ten t i a l  a s  a  me th od  fo r  t he  
i den t i f i c a t io n  o f  i n fa n t s  wi t h  seve re  HIE  a t  t he  t ime  o f  b i r th .   
E l e va t i on s  o f  ac t i vi n -A l e ve l s  i n  b i o lo g ica l  f l u i d s  fo l l o wing  
p e r i na t a l  a sp h yx ia  an d  HIE  have  been  p re vi ou s l y d oc ume nted .  
Fl o r i o  e t  a l .  ha ve  sh ow n  i nc rea sed  a c t i v in -A l e ve l s  i n  a    
c ombi ne d  mo dera t e  an d  se ve r e  g r o up  o f  i n fa n t s  wi th  P A (2 79 ,  
2 8 0) .  P re v io u s  an ima l  w ork  wi t h  g ra ded  in j u r y de mo ns t ra t ed  
i nc re as ed  ac t i v i n -A ex pre s s i on  in  se ve re  bu t  no t  m ode ra t e  HI  
i n ju r y ( 28 1) .  Al t ho u gh  we  ha ve  ob se r ve d  an  inc rea se  in  ac t i v in -
A i n  c ord  b lo od  sam ple s  f r om  in fa n t s  wi t h  se ve re  HIE ,  we  f a i l e d 
t o  re p l i c a t e  t he  r e s u l t s  r ep or t e d  b y t he  p re v io us l y m ent i on ed  
g r o up s  i n  ou r  m ode ra t e  g rad ed  in fa n t s .  O ur  d a t a  a l so  s e r ve s  a s  a  
r emin de r  t h a t  g r ou p in g  m ode ra t e  an d  se ve re  HIE  t o ge t he r  ma y be  
mi s l e ad i n g  a s  t h e  p ro f i l e  o f  i n fa n t s  wi t h  se ve re  HIE  ca n  be  





N o  p re vi ou s  s tu d y ha s  i n ve s t i ga t e d  ac t i vi n -A l e ve l s  a s  a  
p re d ic t o r  o f  l o n g  t e rm  neur od e ve l op ment a l  o u tco me .  We  
o b se r ve d  an  u pre gu la t io n  o f  ac t i v i n  A in  t he  um bi l i ca l  co rd  
b lo od  o f  i n f an t s  wh o  su b seq ue n t l y w en t  o n  to  ha ve  an  ab no rmal  
o u tc ome  a t  t h ree  ye a rs  o f  a ge .  T h i s  gr ou p  in c lu ded  one  hea l t hy  
c on t ro l  i n f an t ,  t h ree  in fa n t s  wi t h  pe r in a t a l  a sp h yx ia  a nd  f i ve  
i n fa n t s  wi t h  mi ld  HIE ,  n one  o f  w h ich  f i t  t he  cu r re n t  c r i t e r i a  fo r  
t he ra pe u t i c  i n t e r ven t io n .  In  man y c o ho r t s ,  t h ose  wi th  mi l d  HIE  
o r  pe r ina t a l  a s ph yx i a  a re  n o t  i n c lu ded .  I t  i s  po s s i b l e  t ha t  t he s e  
i n fa n t s  ha ve  u nr eco gn i se d  i n ju r y d e t ec t a b le  o n l y b y r a i sed  
ac t i vi n -A l e ve l s  wh ich  ma y b e  l a r ge l y a t t r i b u ta b le  t o  HIE .  
R ecen t l y,  Ga gne - Lo r an ge r  e t  a l .  ob se r ve d  t ha t  40 % o f  ne wb or ns  
w i t h  a n  i n i t i a l  d i a gno s i s  o f  mi l d  HIE  de ve lo ped  su bs eq uen t  b ra in  
i n ju r y,  pa r t i cu l a r l y w h en  th e y we re  no t  c oo le d  (7 5) .   
Ac t i v in -A a n d  i t s  r ece p to r s  h a ve  b een  r ep or t e d  to  be  key  
o rc he s t ra to r s  o f  t h e  i mmu ne  s ys t em  i n  re sp on se  t o  i n f l amma t ion  
b y f u nc t io n in g  a s  e i t he r  a  p r o - in f l ammat or y o r  a n t i - i n f l am mato ry  
a gen t s  de pe nd i n g  o n  t h e  ac t iva t io n  s t a t e  o f  t he  c e l l  (3 02) .  
In t e re s t i n gl y,  ac t i v i n -A ha s  b een  sh ow n to  ha ve  an  an t i -
i n f l a mmat or y r o l e  i n  mic ro g l i a l  c e l l s  b y re duc in g  t he  p r od uc t i on  
o f  p r o - in f l amma to r y c yt ok ine s  (3 0 3)  s uch  a s  I l -6 ,  I l -8  a nd  o the r s  
w h ich  ha ve  p re v io u s l y bee n  re po r t ed  a s  i nc rea se d  fo l lo wi ng  
h yp o x ic  i sch aemic  i n ju r y ( 3 04 ) .  The re f o re ,  t he  i nc r ea se d  l e ve l s  
o f  a c t i v in -A o bs e r ved  ma y ha ve  a  ne ur o -pr o t ec t i ve  e f fec t .  Our  
f i n d in gs  su pp or t  p r e vi ou s l y rep or t ed  an ima l  an d  i n  vi t r o  wor k  
w h ich  d ub be d  a c t i v in -A a  p o te n t i a l  “ neu ro na l  r e s cue  a gen t”  
f o l l o win g  h yp o xic  i scha emic  in j u r y a n d  se i zur e s ,  and  
h i gh l i gh te d  the  r o l e  o f  ac t i v i n -A in  neu ro na l  s u r v i va l  and  
n eu ro pr o tec t i on  ( 28 2 ,  3 05 -3 07 ) .  In  p a r t i cu l a r ,  Wu  e t  a l .  a n d  La i  
e t  a l .  h a ve  dem on st ra t e d  i nc rea se d  neu ro na l  s u r v i va l  i n  t he  
h ip poca mp us  an d  d or s o l a t e ra l  s t r i a tu m a f t e r  d i re c t  i n t ra -ce r eb ro -
ve n t r i c u l a r  i n fu s i on s  o f  ac t i v i n -A a f t e r  i n j u r y i n  a n  e s t a b l i shed  




d ue  to  i nc re as ed  exc i t a t o r y n eur o t ran smi t t e r  r e l ea se  an d  in j u r y ,  
t h i s  i nc rea se  ma y be  v i e we d  a s  a n  en do ge no us  a t t em pt  t o  re s t r i c t  
t he  ex t en t  o f  neu ro na l  l o ss ,  p o t e n t i a l l y  t h r ou gh  ma nip u la t io n  o f  
n eu ro -ac t i ve  pe p t id e  e xp re s s ion  (3 08 )  a nd  f ac i l i t a t e  r ec o ve ry  
a f t e r  HI  in ju r y.  
Wh i l e  t he  f i nd in gs  re po r t ed  he re  a re  p rom is in g ,  t he  l im i t a t i ons  
o f  t h i s  s tu d y m u st  a l so  be  n o ted .  As  w i th  m o st  HIE  s t ud ie s  t he  
s am ple  s i ze ,  pa r t i cu l a r l y i n  i nd i vi dua l  g rad es  o f  HIE  i s  ve ry  
s ma l l .  T h i s  num ber  w as  f u r t he r  r ed uce d  wi t h in  s pec i f i c  s ub se t s  
i . e .  a c t i v in -A,  AC V R2 B an d  ou tcom e  ana l ys i s .  Th i s  r ed uc t i on  
ca n  p r im ar i l y  b e  a t t r i bu t ed  t o  t he  a va i l a b i l i t y  o f  w ho le  b lo od  
R N A-p r e se r ved  sam ple s  c omp are d  t o  se ru m sam ple s  and  
u na va i l a b i l i t y  i n  25 % o f  ca se s  fo r  neu ro de ve lo pme nta l  fo l lo w -up  
a t  t h ree  yea r s  o f  a ge .   T o  e n su re  max imum  r e t en t io n  o f  i n fan t s ,  
t he  s t ud y u s ed  t w o  d i f fe r en t  a ss e s sm ent  t ec hn i qu es ,  on e  a  
s c r een i n g  pa re n ta l  que s t i on na i re  ( t he  AS Q )  a nd  a  d i rec t  
a s se s smen t  u s i n g  BS ID -I I I .  Bo th  ha ve  bee n  va l id a t ed  f o r  u se  in  
t h i s  a ge  g ro up .  Al t ho u gh  t hes e  t ech n iq ue s  a re  no t  d i rec t ly  
c ompa ra b le ,  t he  AS Q  h as  been  s ho wn  t o  co r re l a t e  we l l  wi th  
BS ID - I I I ,  an d  ha s  a n  exce l l e n t  ne ga t i ve  p re d ic t i ve  va l ue  
mea n i n g t ha t  we  a re  un l i ke ly t o  ha ve  mi s sed  s i gn i f i c an t  
d i sab i l i t y  (3 09 ) .  N o  a bn orma l  ou tcom e  wa s  de f in ed  s o l e l y b y an  
AS Q  a s se s sme nt ,  a l l ow in g  u s  t o  be  c on f id en t  o f  ou r  o u tco me  
ca t e gor i sa t io n .   
Ho w e ve r ,  o ur  s t ud y a l so  ha s  a  num ber  o f  s t r en g th s .  Fo r  t h i s  
s t ud y,  w e  ha ve  us ed  a  co n tem po ran eo us  c oh or t  o f  i n -b orn  
i n fa n t s ,  r ec ru i t ed  un de r  s t r i c t  en r o lme nt  c r i t e r i a  wi t h i n  a  t e r t i a ry  
h o sp i t a l  a nd  re sea rch  ce n t re .  Ca se  in fa n t s  ha d  c on t i nu ous  
m ul t i c han ne l  EE G m on i to r in g  an d  t he ra peu t i c  h yp o t he rmi a  w he r e  
d eeme d  ne ce ss a r y an d  a l l  l a bo ra t o r y p ro ce ss in g  an d  a na l ys i s  was  
ca r r i ed  ou t  u s i n g  s t r i c t  S O P s  b y  e xp e r i e nce d  re s ea rc he r s .  We  a re  
o ne  o f  t he  on l y s tu d ie s  t o  i nc l ud e  neu ro de ve lo pmen ta l  fo l lo w -up  




e xc lu de d .  Al s o ,  wh i l e  ou r  o ve ra l l  r e t en t io n  ra t e  i s  60 %,  t he  ra t e  
w i t h in  o u t  HIE  gr ou p  sp ec i f i ca l l y  i s  75 %.  T o  o ur  k no wle d ge  t h i s  
i s  one  o f  t he  l a r ge s t ,  mo s t  we l l -de f i ne d  s tu d ie s  o f  HIE  
b ioma rk e r s  a nd  neu ro de ve lo pme nta l  ou tc ome  to  da t e  a nd  wi l l  
a dd  to  t he  co l l e c t i ve  kn o wle d ge  su r r ou nd i n g  HIE  i n ju r y.  
Im p or t a n t l y,  we  ha ve  sh ow n t ha t  b iom ark e r  d i sco ve r y u s ing  
t r an sc r ip tomi c  p ro f i l i n g a nd  d ow n st ream t a r ge t  a na l ys i s  can  the n 
b e  u sed  t o  i d en t i f y n e w po ten t i a l  m R N A or  p r o t e i n  mar ke r s  o f  
d i sea se  se ve r i t y  i n  ne on a ta l  HIE .    
 
2 . 3 . 6  C o nc lu s i on  
We  ha ve  sh o w n  tha t  b o th  ac t i v i n -A a nd  i t s  p re fe r red  rec ep t o r ,  
AC V R 2 B,  a re  e l e va t ed  in  se ve r e  ne ona t a l  HIE  a t  t he  t ime  o f  
b i r t h .  Th i s  a dd s  to  ou r  k no wled ge  o f  t he  po t en t i a l  d o wn st ream 
t a r ge t s  o f  miR -3 74a  a nd  s up po r t s  fu r th e r  s tu d y o f  t h i s  b i omar ke r  





3.0  Cord Blood Metabolites and 
Neurodevelopmental  Outcome in Perinatal  
Asphyxia 
 
P ub l i ca t i on s  a r i s i ng  f ro m  th i s  ch a p te r:  
“ E ar ly  Co r d  Me ta bo l i t e  In dex  an d  O utc om e  i n  P er in a ta l  
A s phyx i a  an d  Hy po x ic - I sch ae mic  Enc ep ha l op a th y”  
A hea r ne  CE,  Den ih an  N M,  Wal sh  B H,  Re i nke  S N,  Ke nny  LC ,  
B oy la n  GB ,  Br oa dh u r s t  D I ,   Mu rr ay  DM .  






3 .1  Early Cord Metabol i te  Index and Outcome in 
Per inata l  Asphyx ia and Hypoxic - Ischaemic 
Encephalopathy  
 
3 . 1 . 1  Ab s t rac t  
3 . 1 . 1 . 1  Ba ck gr ou nd   
T wo  me ta bo l i t e  mo de l s  mea s ure d  in  umb i l i ca l  c o r d  b lo od ,  t he  
f i r s t  de r i ved  f r om  com bi ned  d i rec t  i n f u s io n  a nd  l i qu id  
c hr oma t o grap h y ma s s  s pec t rome t r y b a sed  o n  a l t e r a t io n s  o f  
d ecen o yl - L-c a r n i t i ne ,  3 ,5 - t e t rad ecad ienca rn i t i n e ,  P C ae  C3 8 :0 ,  
p he n yla l an i ne  a nd  p ro l ine  (mod e l  A) ,  an d  the  sec on d  de r i ved  
f ro m 1 H-N M R  s pec t ro sc op y b as ed  a l t e ra t io n s  o f  s ucc i na t e ,  
g l yc e ro l ,  3 -h yd r o x yb u t yr a t e  and  O -p ho sp ho ch o l in e  (m ode l  B)  
h a ve  s ho w n po te n t i a l  f o r  t h e  p re d ic t i on  o f  h yp o x ic - i sc haemic  
e ncep ha l opa t h y ( HIE )  se ve r i t y .   
3 . 1 . 1 . 2  O b jec t i ve s  
T o  e va lua t e  whe t he r  t he se  me tab o l i t e  i n d ice s  c an  p re d ic t  t h ree -
ye a r  neu ro de ve lo pmen ta l  o u tco me  in  i n fa n t s  wi th  pe r i na t a l  
a sp h yx ia  an d  HIE ,  c ompa red  wi t h  c ur re n t  s t a nd a r d  b ioc hemic al  
a nd  c l i n i ca l  mar ke rs .  
3 . 1 . 1 . 3  M et ho d s  
Fr o m  S ep t embe r  2 00 9  t o  J u ne  2 0 11  in fa n t s  a t  r i sk  o f  pe r i na t a l  
a sp h yx ia  we re  rec r u i t e d  i n  a  s i n gle  ma te rn i t y  h o sp i t a l .  C ord  
b lo od  wa s  d ra wn a nd  b i ob an ke d  a t  de l i ve r y.  Neo na te s  we re  
m oni to r ed  f o r  de ve lo pme nt  o f  en cep ha l opa t h y b o t h  c l i n i ca l l y  a nd  
e l e c t r o grap h ica l l y .  Ne ur od e ve l op ment a l  o u tco me  w as  a s se s se d  a t  
3 6 -42  mo nth s  u s in g  the  Ba yl ey S c a l e s  o f  In fa n t  a nd  T od dle r  
D e ve lo pme nt  E d .  I I I  ( BS ID -I I I ) .  Dea th ,  c e reb ra l  pa l s y a nd  




3 . 1 . 1 . 4  R e su l t s   
M o de l  A m eas ur emen t s  a nd  neu ro de ve lo pme nta l  o u tc ome  we re  
a va i l a b l e  i n  36  i n fa n t s .  M ode l  A s c o re s  c or re l a t ed  s i gn i f i ca n t ly  
w i t h  o u tco me  ( ρ 2 = 0. 18 ,  p <0 .0 1) .  T h i s  mo de l  c ou l d  p red ic t  
a bn orma l  o u tc ome  wi t h  a n  a rea  u nde r  R O C c ur ve  o f  0 . 77 ,  
p <0 .0 1 .   
T h i r t y-o n e  in fan t s  had  bo t h  me ta bo l omic  a na l ys i s  un de r  M ode l  B  
a nd  n eu ro de ve l op ment a l  o u tco me  a t  3 6 -42  m ont h s .  T he  
me t ab o l i t e  s co re  s i gn i f i ca n t l y co r r e l a t e d  wi t h  ou tc ome  ( ρ ²= 0 . 30  
p <0 .0 1) ,  be i n g  ro bu s t  t o  p re d ic t  b o th  se ve re  ou tc ome  ( a rea  un de r  
R O C cur ve  o f  0 . 92 ,  p<0 .0 1)  a nd  in t a c t  s u r v i va l  (0 .8 0 ,  p= 0. 01 ) .   
T he re  w as  n o  c or re l a t i on  be t wee n  i nde x  sco re s  a nd  pe r f o rma nce  
i n  t he  i n d i v id ua l  BS ID - I I I  s u b sca l e s  ( c o gn i t i ve ,  l a n gua ge ,  
m oto r ) .    
3 . 1 . 1 . 5  C o nc lu s i on   
T he se  m e tab o l i t e  i nd ic e s  o u t pe r fo rme d  o the r  s t a nd a rd  
b ioc hemic a l  mar ke r s  a t  b i r t h  f o r  p re d ic t io n  o f  ou tc ome  a t  t h r ee  
ye a r s .  Whi le  fu r the r  va l i da t i on  i s  r eq u i re d ,  t he se  me ta bo l i te  
m ode l s  c ou l d  be  u se d  t o  p ro v ide  im po r t a n t  p r o gno s t i c  
i n f o rma t io n  t o  a s s i s t  ma na geme nt  p l a nn i n g  i n  i n fa n t s  wi th  





3 . 1 . 2  In t ro duc t io n  
H yp o x ic - i scha emic  in ju r y in  t h e  pe r ina t a l  pe r io d  rema in s  an  
im po r t a n t  cau se  o f  neo na ta l  e ncep ha l opa t h y a n d  s ub se que n t  
d ea th  an d  d i sa b i l i t y  i n  c h i ld ren  w or ld wi de  ( 1 ) .  T he  ab i l i t y  t o  
p re d ic t  se ve r i t y  i n  a  t i me l y ma nne r  i s  bec omi n g  i nc rea s i n g ly  
im po r t a n t .  Cu r re n t l y a va i l ab l e  a s se s smen t  t o o l s  i n  h yp o x ic  
i sc haemic  e ncep ha l opa th y ( HIE )  su f f e r  f rom  f un dame nta l  f l a ws  
t ha t  l imi t  t he i r  u se fu lne s s  (3 10 ) .  Fo e ta l  hea r t  mo ni t o r i n g ,  Ap ga r  
s co re s ,  pe r ina t a l  p H a nd  l ac t a t e ,  l a c k  s u f f i c i e n t  se ns i t i v i t y  a nd  
s pe c i f i c i t y  f o r  t he  p r ed ic t io n  o f  o u tco me  (1 9 ,  1 02 ,  1 05 ,  110 ,  
1 1 3 ,  3 11 ) .  T he  va l ue  o f  c l i n i c a l  an d  e l ec t ro gra ph ic  a s se s sme nt  i s  
d epe nde n t  o n  a va i l a b i l i t y  o f  r e so ur ce s  a nd  e xpe r t i se  an d  rema i ns  
d i f f i cu l t  t o  i n t e rp re t  d ue  t o  t he  e vo l v in g  n a tu re  o f  t he  un de r l yi ng  
i n ju r y ( 1 30 ,  1 69 ,  1 70 ,  26 2) .  An  ea r l y,  r o bu s t ,  u se r - i nde pe nden t  
t e s t  t h a t  c ou ld  a id  p ro gn o s t i ca t io n  i s  u r gen t l y n ee ded .   
M e ta bo l omic  a na l ys i s  o f  um bi l i ca l  c o r d  b l oo d  i s  bec omi n g  an  
i nc re as in g l y p op u la r  i n ve s t i ga t i ve  f i e l d  i n  ma te r na l -ne ona t a l  
me d ic i ne  (3 12 ) .  Me ta bo l omics  c an  p ro v ide  a  p hen o t yp ic  
b ioc hemic a l  f i n ge rp r i n t  b y meas u r i n g c ompl ex  i n t e rac t i on s  a nd  
c once n t ra t i on  c han ge s  o f  mu l t i p l e  l ow  mole cu la r  we i gh t  
me t ab o l i t e s  ( 31 3) ,  wh i l e  cor d  b l oo d  p r o vi de s  a  p o te n t  s ou rce  o f  
ea r l y me ta bo l i c  i n fo rma t io n .  In  HIE ,  m e tab o lo mic s  h as  t he   
u n i que  po ten t i a l  t o  de t e c t  r a p i d  b ioc hemic a l  pa th wa y a l t e ra t i ons  
i n  re s po ns e  to  t he  h yp o x ic - i sc haem ic  en v i r on ment  (1 53 ) .  T he se  
c han ge s  ma y p r o vi de  u se fu l  b io mar ke r s  t o  p r ed ic t  se ve r i t y  o r  
q ua n t i f y t he  h yp o x i c - i sc haemic  i n su l t .     
U s in g  me tab o l omic s ,  we  ha ve  p re v io u s l y de sc r i bed  a l t e ra t i on s  i n  
t he  co rd  b lo od  me tab o l i t e  p ro f i l e  o f  i n f an t s  wi t h  pe r in a t a l  
a sp h yx ia  an d  HIE  (1 52 ,  25 0) .  Li n ea r  r e gre s s i on  an a l ys i s  r e vea l ed  
t w o  s epa ra t e  m e tab o l i t e  mo de l s ,  t he  f i r s t  ba sed  on  a l t e ra t i on s  o f  
d ecen o yl - L-c a r n i t i ne ,  3 ,5 - t e t r adec ad ie nca rn i t i ne ,  PC ae  




me t ab o l i t e  i nd ex ,  ba se d  o n  a l t e r a t io n s  o f  succ ina t e ,  g l yce ro l ,  3 -
h yd r o x yb u t yr a t e  a nd  O -p ho s ph oc ho l i ne  (mo de l  B) .  Th es e  mo de l s  
w er e  p ro mi s in g  fo r  p re d ic t i on  o f  HIE  se ve r i t y ,  t he  f i r s t  
p re d ic t i n g HIE  f r om a l l  o t he r  ou tcom es  ( pe r i na t a l  a sp h yx ia  a nd  
c on t ro l s )  wi t h  a n  a r ea  u nd e r  t he  c ur ve  ( AU C)  o f  0 .9 2 ,  t he  seco nd  
p re d ic t i n g  se ve re  HIE  wi t h  an  AU C  o f  0 .9 5 .  The  l on g - t e rm 
s i gn i f i ca nce  o f  t he se  a l t e r ed  m e ta bo l i t e  f i n ge r pr in t s  i s  u nk no wn.  
T he re fo re ,  t h e  a im  of  t h i s  s tu dy i s  t o  c or re l a t e  t he se  me ta bo l i t e  
m ode l s  wi t h  t h ree -ye a r  n eu ro deve lo pme nta l  ou tc ome  i n  t h e  sa me  
c oh or t .  We  a l so  com pa re  the  pe r fo rma nce  o f  t he  be s t  pe r fo rmi ng  
m ode l  a ga i n s t  o t he r  s t an da r d  b ioc hemica l ,  ph ys i o l o gic a l  and  




3 . 1 . 3  M et ho d   
3 . 1 . 3 . 1  P a t i e n t  s e l ec t i on  
R ec r u i tme nt  t oo k  p l ace  f r om Sep temb er  20 09  to  J une  20 11  in  a  
s i n gle  ma t e r n i t y  h o sp i t a l  w i th  90 00  de l i ve r i e s  pe r  an num.  
In f an t s  o f  ≥  36  week s  ge s t a t io n  w er e  re c r u i t e d  i f  t h e y me t  a n y o f  
t he  fo l lo wi n g r i sk  fa c to r s  f o r  pe r ina t a l  a s ph yx i a :  umbi l i ca l  co rd  
p H <7 .1 ,  5  mi nu t e  Ap ga r  s co re  ≤  6  o r  t h e  ne ed  fo r  i n tu ba t i on  o r  
ca rd i op u lm ona r y r e s u sc i t a t i o n  a t  d e l i ve r y.  E l i g ib i l i t y  r eq u i r ed  
t he  in fan t  t o  be  in -b or n  t o  a l l ow the  c o l l ec t io n  o f  um bi l i ca l  co rd  
b lo od ,  wh ich  wa s  b io -ba nke d  w i t h in  th ree  h ou rs  o f  b i r th  f o r  
me t ab o lom ic  ana l ys i s .  Wr i t t en  i n f o rme d  pa ren ta l  c on sen t  wa s  
o b ta i ne d  f o r  i nc lu s i on .  T he  Cl in i ca l  Re sea rch  E th i c s  co m mi t t ee  
o f  t he  C or k  T each i n g  Ho s p i t a l s  p ro v i ded  e t h i ca l  ap pr o va l .   
Al l  c on se n ted  c a s es  had  dem o grap h ic  a nd  c l i n i ca l  de t a i l s  
c o l l ec t ed  p r o spec t i ve l y i nc l ud i n g Ap ga r  sc ore s  a t  1  an d  5  
mi nu te s ,  de gree  o f  r e su sc i t a t i on  a s  we l l  a s  p H,  l ac t a t e  a nd  ba se  
d e f i c i t  me a su reme nt s  f r om  a r t e r i a l  an d  ve no us  c or d  sa mpl i n g,  
a nd  f i r s t  p o s tna t a l  sam pl i n g .  Degr ee  o f  r e s u sc i t a t i o n  wa s  c l a s sed  
a s  ( i )  no ne  req u i r ed ,  ( i i )  i n t e rmi t t en t  p o s i t i ve  p re s su re  
ve n t i l a t i on  >1m in ,  ( i i i )  i n t ub a t i on ,  ( i v )  C P R o r  ( v )  a d re na l i ne  
g i ve n .   
C a ses  we r e  d i vi ded  in t o  ( i )  i n fa n t s  w i th  c l i n i ca l  o r  b i oc hemica l  
s i gn s  o f  pe r i na t a l  a s ph yx ia  a t  b i r t h  bu t  w ho  rec o ve re d  qu i ck ly  
w i t h  n o  c l i n i ca l  s i gn s  o f  e ncep ha l opa th y,  o r  ( i i )  i n fa n t s  who  
d e ve l op ed  a n  e vo l v in g  c l i n i ca l  an d  e l ec t ro gr ap h ic  
e ncep ha l opa t h y c on s i s t e n t  wi t h  HIE .  HIE  se ve r i t y  w as  
d e t e r mine d  b y a  m od i f i e d  Sa r na t  sc ore  a ss i gned  a t  2 4  h ou r s  o f  
l i f e  b y a  de d ica t e d  re sea rch  fe l lo w  ( B. H. W) .   
Al l  c a se s  un de r we nt  m ul t i c han ne l  v i deo -EE G mo ni t o r i n g a s  
d es c r i bed  ( 25 0) .  The  en t i r e  v i deo -EE G wa s  r e vi e we d  b y an  
e xpe r i e nced  ne ona t a l  ne ur op hys i o l o gi s t  ( G. B. B) .  One  h our  




h o ur s  a f t e r  b i r th  w he re  a va i l ab l e .  An  EE G gra de  wa s  a s s i gne d  a t  
t he se  t ime -p o in t s ,  ba se d  on  a  p re v io u s l y d e sc r i bed  c l a s s i f i ca t ion  
s ys t e m ( 12 3 ,  25 1) ,  an d  d es i gn a te d  a s :  (0 )  n orma l ,  s l ee p  c yc l e s  
p re se n t  o n  co n t i nu ou s  back gr ou n d ;  ( 1 )  m i ld l y a bn orma l ,  e . g .  
c on t i nu ou s  b u t  ab no rma l i t i e s  o f  s l eep  c yc l e s ;  ( 2 )  m ode ra t e ly  
a bn orma l ,  e . g .  d i s co n t in u i t y o r  p re se nce  o f  se i zure s  an d  ( 3 /4 )  
s e ve re l y a b n orma l ,  su pp re s sed / i s oe l ec t r i c  t r ac i n g  a nd /o r  h i gh  
s e i zure  b ur de n / s t a tu s  ep i l ep t i cus .   
T he ra pe u t i c  h yp o the rmia  (T H)  w a s  c omme nce d  a t  t h e  d i s c re t ion  
o f  t he  su pe r v i s i n g c l in i c i an  on  du t y ba se d  o n  c ompl i anc e  w i th  
t he  T O BY  c r i t e r i a  (1 26 )  wi th i n  th e  f i r s t  s ix  h ou r s  o f  l i f e .   
 
3 . 1 . 3 . 2  T hree -ye a r  ne ur ode ve l opme nta l  o u tc ome   
Al l  e l i g ib l e  ca se s  were  inv i t ed  f o r  neu ro de ve lo pme nta l  
a s se s smen t  be t we en  3 6  t o  4 2  mo nt h s  o f  a ge .  Th e  Ba yl e y S c a l e s  
o f  In f an t  a nd  To ddle r  De ve lo pme nt  E d i t i on  I I I  ( BS ID - I I I )  w as  
a dmin i s t e re d  b y a  r e sea rch  fe l l o w (C .E . A) ,  b l i nd ed  to  t he  
c l i n i ca l  bac k gro un d  o f  t he  in f an t s .  Th ree -ye a r  o u tco me  w as  
d es i gna te d  a s  “ no rma l”  i f  t he  c h i l d  sco red  >8 5  i n  t he  t h ree  
BS ID - I I I  s u b sca l e s ;  co gn i t i ve ,  l a n gua ge  a nd  m ot or .  A mi l d ly  
a bn orma l  o u tc ome  wa s  de t e rmine d  i f  o ne  o r  tw o  su b sca l e s  sc or ed  
≤ 85  b u t  >7 0 ,  a nd  a  m od e r a t e l y a bn orma l  o u tc ome  was  
d e t e r mine d  i f  a l l  t h ree  s ub sc a l e s  sc ore d  ≤ 85  b u t  >7 0 .  D ue  t o  l ow 
n um ber s ,  t he  mi l d  a nd  m ode ra t e  o u tc ome  gr ou p s  we re  com bi ned  
i n to  a  “mi l d /m ode ra t e”  g r ou p .    A “ se ve re”  ou tcom e  inc lu ded  
d ea th ,  d ys k ine t i c  o r  s pas t i c  quad r i p l e g ic  ce reb ra l  pa l s y ( C P)  o r  
≤ 70  i n  a l l  BS ID - I I I  s u b sca l e s .   
 
3 . 1 . 3 . 3  M eta bo l omic  a na l ys i s  
We  ha ve  p re v io u s l y de sc r ib ed  th e  co rd  b l oo d  m e tab o lo mic  




u s in g  c om bine d  t a r ge t e d  d i rec t  i n f u s io n  ( D I - )  a nd  l i qu id  
c hr oma t o grap h y ( LC -)  t a nd em ma s s  s pec t rome t r y ( M S /M S )  a s sa y 
( Ab s o l u t ID Q  p 18 0  k i t ,  B ioc ra t e s  Li f e  S c i en ce s  AG,  In n s b ruck ,  
Au s t r i a )  (m ode l  A)  an d  p ro t on  n uc le a r  ma gne t i c  r e s ona nce  ( 1 H-
N M R )  spec t r osc op y ( mo de l  B) .  A de t a i l ed  de sc r ip t io n  o f  t he  
me t ab o l i t e  ex t rac t i on ,  sp ec t ra  ac qu i s i t i o n ,  me ta bo l i te  
i den t i f i c a t io n  a nd  qua n t i f i ca t i on  i s  p ro v ide d  i n  t h i s  t ex t  (1 52 ,  
2 5 0) .  
 
3 . 1 . 3 . 4  S ta t i s t i ca l  ana l ys i s  
P a t i e n t  de mo gra ph i c  i n f o r ma t i on  i s  p re sen ted  a s  mea n  ( s t an da rd  
d e via t io n) ,  m ed ia n  ( in t e r qua r t i l e  r a n ge )  a nd  n  ( pe r cen t a g e )  a s  
a pp ro pr i a t e .   
3 . 1 . 3 . 4 . 1   M od e l  A  
C o ncen t ra t i on s  o f  f i ve  me tab o l i t e s  were  c ombi ne d  i n t o  a  s in g le  
b ioma rk e r  u s in g  a  s im pl i f i ed  ve r s io n  o f  a  p re v io u s l y re po r t ed  
me t ab o l i t e  p red ic t i ve  m ode l  (1 52 ) :  
𝑦 =  
𝑝𝑟𝑜𝑙𝑖𝑛𝑒 ×3,5 − 𝑡𝑒𝑡𝑟𝑎𝑑𝑒𝑐𝑎𝑑𝑖𝑒𝑛𝑐𝑎𝑟𝑛𝑖𝑡𝑖𝑛𝑒 × 𝑝ℎ𝑒𝑛𝑦𝑙𝑎𝑙𝑎𝑛𝑖𝑛𝑒
𝑑𝑒𝑐𝑒𝑛𝑜𝑦𝑙 − 𝑙 − 𝑐𝑎𝑟𝑛𝑖𝑡𝑖𝑛𝑒× 𝑃𝐶 𝑎𝑒 𝐶38: 0
 
 
3 . 1 . 3 . 4 . 2  M o de l  B 
C o ncen t ra t i on s  o f  fo ur  me t ab o l i t e s  we re  c ombi ne d  in t o  a  
s im pl i f i ed  me ta bo l i t e  i n de x  de r ive d  f r om a  p re v i ou s l y p ub l i s hed  
r e gre ss io n  m ode l  p re d ic t i ve  o f  HIE  ( 25 0) :  
𝑦 =  
𝑠𝑢𝑐𝑐𝑖𝑛𝑎𝑡𝑒 × 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙






S u mmar y s t a t i s t i c s  fo r  i nde x  sco re s ,  y ,  an d  o t he r  s t an da r d 
b ioc hemic a l  a nd  c l i n i ca l  mar ke rs  ac ro s s  e ach  o u tco me  gr oup  
( no rma l ,  mi l d /mo de ra t e  an d  seve re )  a re  r e po r t e d .  Di f fe r ences  
b e t ween  g r ou p s  a re  ex amin ed  u s i n g  Kr u ska l -Wal l i s ,  Man n -
Wh i tn e y U  an d  c h i - s qua red  t e s t i n g  a s  a pp ro pr i a t e .  Co r re l a t io n  o f  
n o n -p a ram e t r i c  da t a  i s  pe r f o rme d  u s i n g  Spea rma n’ s  r ho  ( ρ )  
c o r re l a t i on  co e f f i c i e n t  a nd  r ep or t e d  a s  ρ ² .   
T he  ab i l i t y  o f  t he  me ta bo l i t e  co mbi na t i on  a nd  o t he r  m ar ke r s  t o  
p re d ic t  a  no rma l  o r  se ve re  ou t co me  a t  t h re e  yea r s  w as  a s se s sed  
u s in g  Re ce i ve r  Op e ra t in g  cha rac t e r i s t i c  ( R OC )  cu r ve  ana l ys i s .  
In d ex  u t i l i t y  w a s  de t e rmi ned  u s in g  the  a rea  un de r  RO C  cu r ve  a nd  
b es t  cu t -o f f  wa s  de t e rmin ed  us in g  t he  co or d i na t e s  o f  t he  cu r ve .  
S e ns i t i v i t y  an d  s pec i f i c i t y  f o r  a  g i ve n  c u t -o f f  a re  r e po r t e d .  
Fo r  e xami n in g  t he  re l a t i on s h i p  b e t ween  BS ID - I I I  s u b sca le  
c omp o si t e  sc or e s  an d  m e tab o l i t e  i n dex  sco re s ,  me ta bo l i t e  sc ore s  
w er e  lo g  t r a n sf o rme d  to  no rma l i s e  da t a  a nd  c or re l a t ed  wi t h 
c omp o si t e  s cor e s  u s i n g  Pea r so n’ s  R .   A p -va lue  <0 .0 5  wa s  
c on s i de re d  s i gn i f i c an t .  Al l  s t a t i s t i ca l  ana l ys i s  wa s  pe r f o r med  





3 . 1 . 4  R e su l t s   
3 . 1 . 4 . 1  S t ud y P o pu la t i on  
3 . 1 . 4 . 1 . 1  M o de l  A 
D I  a nd  LC -M S /M S  me tab o l omic  a na l ys i s  wa s  pe r fo rme d  in  71  
i n fa n t s .  Fi ve  i n fa n t  sam ple s  fa i l e d  me ta bo lomic  ana l ys i s  a nd  t wo  
w er e  re t r o spec t i ve l y exc l ud ed  du e  t o  a l t e r na t i ve  d i a gn o se s ;  one  
i n fa n t  had  a  sp i na l  c o r d  i n ju r y a nd  t he  o th e r  a n  i nb or n  e r ro r  o f  
me t ab o l i sm,  po te n t i a l l y  a f fec t in g  th e i r  me ta bo lomi c  p r o f i l e  a t  
b i r t h  a nd /o r  o u tco me .  Th ree -ye a r  o u tc ome  wa s  a va i l a b l e  i n  36 /64  
c h i ld re n ,  see  T abl e  3 . 1  fo r  dem ogr a ph ic  i n f o rma t io n .  T we nt y -o ne  
o f  t he se  36  c h i l d re n  were  d i a gno se d  wi t h  HIE  ba se d  o n  a  24  hou r  
S a r na t  Sc ore  (1 2  mi l d ,  3  m ode ra t e  an d  6  se ve re ) ,  t he  rema i n ing  
1 5  we re  pa r t  o f  t he  pe r i na t a l  a sph yx i a  g r ou p .  
Fo l l o wi n g  n e u ro de ve lo pment  a ss e s smen t  wi th  t he  BS ID -I I I ,  2 3  
c h i ld re n  ha d  a  no rma l  o u tco me  an d  s ix  ch i ld ren  had  a  
mi ld /m ode ra t e l y ab no rma l  o u tc ome .  Fi ve  ch i ld ren  wi t h  a  n or mal  
o u tc ome  u nde r wen t  T H,  (o ne  mi l d  HIE ,  t h re e  mo de ra t e  HIE  and  
o ne  se ve re  HIE ,  de f ine d  b y c l in i c a l  Sa r na t  sc ore ) .  Se ve n 
c h i ld re n  ha d  a  se ve re  o u tc ome .  Fo u r  d i ed  d ur in g  the  neo na ta l  
p e r i od  (o ne  in fan t  d i d  n o t  s u r v ive  t o  i n i t i a t i on  o f  t he ra p y) ,  and  
o ne  de ve l ope d  d ys k ine t i c  ce re bra l  p a l s y,  mi c r ocep ha l y a nd  
e p i l e ps y.  Th i s  ch i l d  d id  no t  r ece i ve  t he r ape u t i c  h yp o the rmia  a s  
t he y w e re  id en t i f i e d  be yo n d  t he  s ix  ho ur  t r ea t ment  wi nd o w.  Al l  
f i ve  in fa n t s  h ad  s e ve re  HIE  i n  t h e  neo na ta l  pe r i od .   Tw o fu r th e r  
i n fa n t s  were  d i a gn os ed  wi t h  se ve re  a u t i sm ,  o ne  o f  wh om  had  
p e r i na t a l  a sp h yx ia  a t  b i r t h ,  t he  o the r  m i ld  HIE .   
 
3 . 1 . 4 . 1 . 2  M o de l  B 
Fo r  1 H-N M R  s pe c t r o sco p y,  tw e l ve  i n f an t  samp le s  f r om th e  
c oh or t  we re  exc lu ded  due  to  i n su f f i c i en t  sa mple  vo l ume  




a bo ve ,  t w o  in fa n t s  w ere  re t ro s pec t i ve l y e xc l ude d  d ue  to  
a l t e r na t i ve  d i a gn o s e s .  Outc ome  w a s  a va i l ab l e  on  3 1 /57  ( 54 %)  
c h i ld re n ,  see  T ab le  3 . 1  f o r  de mogr a ph ic  i n f o rm a t io n .  Ni ne t ee n  o f  
t he se  ch i l d r en  were  d i a gno se d  w i th  HIE  ba sed  on  a  2 4  h our  
S a r na t  Sc ore  (1 0  mi l d ,  3  m ode ra t e  an d  6  se ve re ) ,  t he  rema i n ing  
1 2  we re  pa r t  o f  t he  pe r i na t a l  a sph yx i a  g r ou p .   
U s in g  t he  BS ID -I I I ,  20  c h i l d ren  w ere  de t e rmi ned  a s  ha v in g  a  
n or ma l  o u tco me  a nd  s ix  c h i l d re n  a s  ha v i n g  a  mi ld /mo de r a t e ly  
a bn orma l  o u tc ome .  Fo u r  ch i ld re n  wi t h  a  no rma l  o u tc ome  
u n de r we nt  T H,  ( t h ree  w i th  a  c l i n i ca l  g ra de  o f  mo de ra t e  HIE  and  
o ne  wi th  se ve re  HIE ) .  Al l  f i ve  ch i ld ren  wi th  a  se ve re  o u tco me  
w er e  s e ve re l y ence ph a lo pa t h i c ,  fo ur  d i ed  du r i n g t he  n eo na ta l  
p e r i od ,  a nd  one  de ve lo pe d  d ys k ine t i c  ce reb ra l  pa l s y,  
mic ro cep ha l y an d  e p i l ep s y.  The re  were  n o  l a t e  dea t h s  i n  t he  




T a ble  3 .1 :  De mo g ra ph i c  de ta i l s  o f  t he  co ho r t  
 Model A  Model B  
 
Normal Mild/Moderate Severe  Normal Mild/Moderate Severe  
(n=23) (n=6) (n=7) p-value (n=20) (n=6) (n=5) p-value 













Gender (Male/Female) 12/11 5/1 6/1 0.150†† 11/9 5/1 4/1 0.326†† 














PA/Mild/Mod/Severe 14/5/3/1 0/6/0/0 1/1/0/5  12/4/3/1 0/6/0/0 0/0/0/5 
 
Therapeutic hypothermia       5 0 3  4 0 3  




3 . 1 . 4 . 2  P re d ic t io n  o f  O utc ome  
3 . 1 . 4 . 2 . 1  M o de l  A 
T he  medi an  ( IQ R )  m e tab o l i t e  m ode l  sc ore  s i gn i f i ca n t ly  
c or re l a t e s  wi t h  ou tc ome  (ρ ²= 0 . 1 8 ,  p=0 .0 09 )  a nd  s i gn i f i c an t ly  
i nc re as es  ( p=0 .0 32 )  a s  ou t come  de t e r io ra t e s  f r om no rma l  22 40 .6  
( 19 09 .6 -3 06 6 . 5 )  t o  mi ld /m od e ra t e l y a bn orma l  3 25 2 . 1  ( 28 08 .3 -
4 5 96 .5 )  t o  se ve re l y  a bn orma l  40 6 7 . 5  ( 23 93 .8 -5 44 8 . 6 )  se e  Fi gur e  
3 . 1 .  In s pec t i on  o f  pa i r wi se  c om par i s on s  re vea l e d  t he  me dian  
me t ab o l i t e  mo de l  s co re  fo r  n or ma l  ou tcome  wa s  s i gn i f i ca n t ly  
d i f fe re n t  c ompa red  to  t he  mi ld /m ode ra t e  ou t come  gr oup  
( p= 0. 04 3 ,  q=0 .1 28 )  an d  se ve re  ou tcom e  gr ou p  (p =0 .0 39 ,  
q =0 .1 17 ) ,  t h ou gh  n o t  w hen  ad j u s t ed  f o r  f a l se  d i s co ve r y.  
Ho w e ve r ,  t he  mo de l  sc ore  c ou ld  no t  d i f fe ren t i a t e  be t ween  a  
mi ld /m ode ra t e  a nd  s e ve re  ou t come  ( p= 0. 94 5 ,  q= 1. 00 0) .   
 
 
Fi gu re  3 .1 :  B ox p lo t  o f  me t ab o l i t e  m od e l  A  a cr o s s  ou tc o me  




T h i s  mo de l  ma y p r o vi de  u t i l i t y  i n  p re d ic t i n g  a n  a bn or mal  
o u tc ome ,  t he re f o r e  mi ld /mo de r a t e  an d  se ve re  ou tc ome  were  
g r o up ed  to ge t he r  ( a bn orma l  ou tc ome  gr ou p  n= 13 )  a nd  com pa red  
t o  no rma l  o u tco me  (n =2 3) .  As  ex pec te d  t he  me ta bo l i t e  m od el  
w a s  s t a t i s t i ca l l y  a l t e red  b e t ween  the se  t w o  g ro up s  p =0 .0 08 .  The  
m ode l  co u ld  p r ed ic t  an  ab no rma l  o u tco me  wi th  an  AU R O C o f  
0 . 77 ,  p= 0. 00 9 ,  see  T able  3 . 2  an d  3 .3 .  Ex amin a t io n  o f  t h e  R OC 
c ur ve  re ve a l e d  a  sc ore  c u t -of f  o f  y  ≥  2 66 1 . 2  p r ed ic t s  an  
a bn orma l  ou tc ome  wi t h  a  sen s i t i v i t y  o f  8 5%  an d  a  sp ec i f i c i t y  o f  
6 5% .  
T he  U C B me ta bo l i t e  m od e l  sc ore  ha d  a  s t r on ge r  co r r e l a t i on  w i th  
o utc ome  gro up  (ρ= 0 . 42 9 ,  p= 0.0 0 9)  t h an  a n y o f  t he  s t a nda rd  
ma rke r s  a s se s sed ,  s ee  T able  3 . 2 .  O f  t he  s t a nda rd  mar ke r s  
a s se s sed ,  t he  Ap ga r  sco re s  a t  1  an d  5  mi nu t e s ,  a nd  de gre e  o f  
r e s u sc i t a t i o n  c or re l a t ed  w i th  o u tcom e  gr ou p ,  an d  e ach  
s i gn i f i ca n t l y p re d ic t e d  a n  a bno rma l  o u tc ome .  No  co r r e l a t i on  
e x i s t ed  b e t ween  o u tc ome  gro up  an d  p H,  l ac t a t e  o r  ba se  de f i c i t  
( BD ) ,  e i t he r  f r om  co rd  s ampl in g  o r  f i r s t  p os tna t a l  sam ple .   
 
Fo c u s i n g on  su r vi v i n g ch i l d r en  fo r  w hom  BS ID -I I I  w a s  
p e r fo rmed ,  i . e .  no rma l  (n= 23 )  a nd  mi ld /m od e ra t e  (n =6 )  g ro ups ,  
t he  me dian  ( IQ R)  m ode l  sco re  wa s  s i gn i f i can t l y d i f fe ren t  
b e t ween  g r ou p s  p =0 .0 36  (2 240 . 6  (1 90 9 . 6 -30 66 .5 )  v s .  32 52 .1  
( 28 08 .3 -4 59 6 . 5 ) .  Ho w e ve r ,  w hen  a greem ent  be t wee n  i nd i vi dua l  
c h i ld re n’ s  l o g  t r a ns fo rme d  me ta bo l i t e  mo de l  sco re s  an d  th e  
c omp o si t e  sc ore s  o f  ea ch  BS ID -I I I  s u bs ca l e  we re  a s se sse d ,  no  
s i gn i f i ca n t  co r r e l a t i o n  be t ween  the  mo de l  sco re s ,  an d  the  
c o gn i t i ve  ( R  0 .0 55 ,  p= 0. 77 7) ,  l a n gua ge  (R  -0 .2 08 ,  p =  0 .3 08)  o r  
m oto r  ( R  0 . 13 8 ,  p= 0 . 51 1)  c om po si t e  s co re s  w as  f ou nd  ( T able  





T a ble  3 .2 :  Mo de l  A ;  Me dia n  ( I QR )  v a lu es  f or  a  se l ec t io n  o f  c l i n i c a l  an d  b io che mic a l  m ake r s  ava i l ab le  a t  
d e l i ve ry  ac r o ss  o u tc o me  g ro up s .  
 Normal Mild/Moderate Severe  Correlation Abnormal Outcome# 
 (n=23) (n=6) (n= 7) p-value† ρ²†† p-value AUROC (95%CI) p-value 







0.032 0.18 0.009 0.77 (0.61, 0.93) 0.009 
Biochemical Markers        
pH 7.13 (7.04-7.25) 7.04 (6.94-7.14) 7.12 (6.67-7.18) 0.426 0.05 0.261 0.65 (0.43, 0.87) 0.209 
Lactate 9.0 (6.0-12.6) 10.7 (7.1-12.0) 11.0 (10.5-20.5) 0.337 0.07 0.207 0.63 (0.40. 0.85) 0.292 
Base deficit 9.8 (4.4-14.1) 9.1 (6.4-12.4) 19.0 (10.1-22.5) 0.135 0.08 0.164 0.64 (0.42, 0.86) 0.233 
Clinical Markers        
Apgar 1 min 5 (3-6) 3 (2-6) 0 (0-2) 0.018 0.19 0.008 0.73 (0.55, 0.91) 0.024 
Apgar 5 min 8 (5-9) 5 (4-7) 3 (0-7) 0.020 0.22 0.004 0.77 (0.61, 0.93) 0.008 
Resuscitation - - - 0.19 0.009 0.74 (0.56, 0.92) 0.022 
Ba s e  de f i c i t ,  p H an d  l ac t a t e  we re  m eas ur ed  o n  a dmi s s io n  to  t he  N IC U.  †  Kr u ska l -Wal l i s  p -va lue  f o r  t h e  
d i f fe re nce  ac r o s s  ou tc ome  gro up .   
† † Sp ea rma n’ s  r ho  sq ua re d  (ρ ² )  co r r e l a t i on  a ga in s t  o u tc ome  gr oup s .   # AU R O C;  a r ea  un de r  t he  rece i ve r  ope ra t o r  




T a ble  3 .3 :  Mo de l  A  Medi an  ( I QR )  v a lu es  a cr o s s  ou tc o me  g ro ups  an d  p red ic t i ve  a b i l i t y  o f  t he  mo de l .  
 Metabolite model A 
Outcome group Median (IQR) AUROC (95%CI) † p-value† 
Normal  (n=23) 2240.6 (1909.6-3066.5) 0.766 (0.607 0.925) 0.009 
Mild/Moderate (n=6) 3252.1 (2808.3-4596.5) 0.711 (0.541, 0.882) 0.107 
Severe (n=7) 4067.5 (2393.8-5448.6) 0.704 (0.481, 0.982) 0.097 
Abnormal (Mild/Moderate/Severe) (n=13) 3368.2 (2798.1-5273.6) 0.766 (0.607 0.925) 0.009 
AU R O C ;  a rea  un de r  t he  rece i ve r  ope ra t o r  cu r ve  a nd  a s so c i a t e d  p -va lue  t e s t i n g  t he  ab i l i t y  o f  eac h  mar ke r  t o  







T a b le  3 .4 :  Mo de l  A ;  Me dia n  ( I QR )  v a lu es  f or  c og n i t i ve ,  l a ng ua ge  a nd  m ot or  c om po s i t e  sc o re s  acr o s s  o u tco me  
g r ou p s .  
 







 Median (IQR) Median (IQR) p-value† Pearson’s R p-value†† 
Cognitive Composite 95 (95-100) 88 (84-96) 0.013 0.055 0.777 
Language Composite 109 (103-112) 88 (79-103) 0.010 -0.208 0.308 
Motor Composite 97 (91-103) 85 (79-85) <0.001 0.138 0.511 
†  p -va lue  f o r  b e t ween  g ro up  d i f fe renc es  ca l c u la t ed  w i th  Man n -Wh i tne y U  t e s t i n g .   








Fi gu re  3 . 1 :  Co r re l a t i on  be t wee n  BS ID -I I I  c om po s i t e  sc or es ,  (a )  c og n i t i ve ,  (b )  l a ng ua ge  an d  (c )  m o to r ,  a nd  




3 . 1 . 4 . 2 . 2  M o de l  B 
T he  c or d  b l oo d  m e tab o l i t e  i n dex  d e r i ved  f rom  1 H-N M R 
s pe c t r o sco p y ha d  a  s t ro n ge r  c or re l a t i on  w i th  o u tco me  gro up  
( ρ ² =0 .3 0 ,  p <0 .0 1)  t han  a n y o f  t h e  s t a nd a r d  m ar ke r s  a s se s se d  a t  
b i r t h ,  a nd  p red i c t ed  b o t h  a  norma l  a nd  a  s e ve re  ou tcome  wi t h  a n  
a rea  un de r  t he  R OC c ur ve  o f  0 . 80  ( p= 0. 01 )  a nd  0 . 92  ( p <0 .01 )  
r e s pec t i ve l y,  s ee  Ta ble  3 . 5 .  Ap ga r  sco re s  a t  1  a nd  5  mi nu te s ,  a nd  
d e gree  o f  r e s u sc i t a t i on  c or re l a t e d  wi t h  ou tcom e  gr ou p ,  e ach  
s i gn i f i ca n t l y p re d ic t in g  no rma l  an d  se ve re  o u tc ome .  T he r e  was  
n o  co r re l a t i on  be tw een  o u tc ome  gro up  a nd  p H,  l ac t a t e  o r  b ase  
d e f i c i t  ( BD ) ,  e i t he r  f r om  cor d  sam pl in g  o r  f i r s t  po s t na t a l  
s am ple .  S imi l a r l y ,  n one  o f  t he s e  s t an da r d  b io chem ica l  mar ke rs  
p re d ic t e d  n orma l  ou tcome  a nd  o n l y BD  d r aw n  f rom  t he  f i r s t  
p o s t -na t a l  sam ple  p red ic t ed  se ve r e  ou tc ome .   
U n s ur pr i s i n g l y,  b o t h  t he  m od i f i e d  Sa rna t  sc o re  an d  t he  
c on t i nu ou s  mu l t i ch an ne l  E E G’ s  g ra de  o f  en cep ha l opa t h y,  we re  
s t ro n g  p re d ic t o r s  f o r  bo t h  s e ve re  a nd  no rma l  ou tc ome s .  
E nco ura g i n gl y,  t he  co rd  b lo od  me ta bo l i t e  i nde x ,  d ra wn  h ou rs  
b e f o re  e i t he r  t he  Sa r na t  s co re  o r  t he  EE G w a s  pe r f o rme d ,  h ad  
c ompa ra b le  p re d ic t i ve  ab i l i t i e s  t o  t he se  we l l  va l i da t e d  t oo l s  
( T ab le  3 . 6 ) .   
Ba s ed  on  the  co or d ina t e s  o f  t he  R OC c ur ve  fo r  t he  me ta bo l i t e  
i nde x ,  a  sco re  c u t -o f f  o f  y> 2 . 4  p re d ic t e d  se ve re  ou tcome  w i th  a  
s en s i t i v i t y  o f  80 %  an d  a  s pec i f i c i t y  o f  10 0% .  Th i s  i n de x  c u t -o f f  
w o ul d  ha ve  de t ec t ed  a t  b i r t h  a l l  o f  t ho se  in fan t s  w ho  
s u b seq uen t l y d i ed .  I t  wo uld  ha ve  mi s sed  the  ch i ld  wh o  h ad  l a t e r  
d e ve l op in g  s ym pto ms an d  a  p oo r  ou tc ome .  Mean w hi l e  a n  i ndex  
s co re  < 0 . 13  p red ic t s  i n t a c t  s u rv i va l  wi t h  a  se n s i t i v i t y  o f  6 5% 





T a ble  3 . 5 .  Mo de l  B :  Medi an  ( IQ R)  va l ue s  f o r  a  se l ec t i on  o f  c l i n i c a l  an d  b i oc he mica l  m ake rs  ava i l ab le  a t  de l i ve ry  
a cr o s s  ou t co me  g r ou ps  wi t h  a c ro s s  g ro up  p -va lue  f ro m Kr u sk a l -Wa l l i s  t e s t i n g ,  S pea r man ’ s  rh o  s qu a re d  (ρ ² )  c o r r e l a t i on  
a ga in s t  ou tc ome  gro up s ,  a nd  a rea  u nde r  t he  R O C c ur ve  ( 95 % C I) ,  a nd  p -va lue  f o r  a b i l i t y  o f  ma rke r  t o  p r ed ic t  se ve re  a nd  
n or ma l  ou tcom e .   
 Normal Mild/Moderate Severe  Correlation Severe Outcome Normal Outcome 
















0.09 (0.05-0.16) 0.15 (0.11-0.32) 4.62 (2.18-10.69) 0.01 0.30 <0.01 0.92 (0.76-1) <0.01 0.80 (0.64-0.97) 0.01 
Biochemical Markers          
pH 7.07 (7.02-7.25) 7.04 (6.94-7.14) 6.95 (6.61-7.17) 0.50 0.06 0.23 0.63 (0.25-1) 0.42 0.65 (0.41-0.89) 0.24 
Lactate 8.6 (6.2-12.6) 10.7 (7.1-12.0) 14.5 (10.6-21.8) 0.26 0.10 0.16 0.77 (0.53-1) 0.11 0.65 (0.41-0.89) 0.26 
Base deficit 10.1 (5.7-17.1) 9.1 (6.4-12.4) 19.9 (13.6-23.3) 0.05 0.11 0.13 0.89 (0.73-1) 0.02 0.63 (0.39-0.87) 0.32 
Clinical Markers          
Apgar 1 min 5 (3-7) 3 (2-6) 0 (0-1) 0.01 0.26 <0.01 0.94 (0.85-1) 0.01 0.76 (0.58-0.95) 0.02 
Apgar 5 min 8 (5-9) 5 (4-7) 0 (0-5) 0.02 0.25 <0.01 0.86 (0.67-1) 0.01 0.78 (0.61-0.95) 0.01 
Resuscitation - - - - 0.25 0.01 0.88 (0.69-1) 0.01 0.77 (0.58-0.96) 0.02 
Ba s e  de f i c i t ,  p H a nd  l a c t a t e  wer e  mea su red  on  a dmi s s i on  t o  t he  N IC U.  AU C  =  Area  un de r  t he  c u r ve  o b ta i ned  





T a ble  3 .6 .  M ode l  B :  C or re la t i on  a ga i n s t  o u tco me  g ro up s ,  u s in g  S p ea rma n’ s  r ho  (ρ ) ,  a nd  p red ic t ive  
a b i l i t y  o f  Sa r na t  s co re  a t  2 4  hou r s  o f  l i f e  a nd  co n t i nu ou s  EE G gr a de  a t  6  a nd  2 4  ho ur s  o f  l i f e  f o r  
n or ma l  o r  se ve re  o u tco me  b y a rea  u nde r  t he  R OC  c ur ve .   
Clinical Marker Correlation Severe Outcome Normal Outcome 
 Spearman’s ρ² p-value AUC (95%CI) p-value AUC (95%CI) p-value 
Metabolite Model B 0.30 <0.01 0.92 (0.76-1) 0.01 0.8 (0.64-0.97) 0.01 
Sarnat Score (24h) 0.41 <0.01 0.98 (0.94-1) <0.01 0.83 (0.68-0.97) <0.01 
EEG (6h) 0.42 <0.01 0.96 (0.9-1) <0.01 0.84 (0.7-0.98) <0.01 
EEG (24h) 0.56 <0.01 1 (1-1) <0.01 0.89 (0.78-1) <0.01 





Fo c u s i n g on  su r vi v i n g ch i l d r en  fo r  w hom  BS ID -I I I  w a s  
p e r fo rmed ,  i . e .  no rma l  (n= 20 )  a nd  mi ld /m od e ra t e  (n =6 )  g ro ups ,  
t he re  w as  n o  d i f fe re nce  i n  t he  me dia n  i nde x  ( IQ R )  o f  i n fa n t s  
w i t h  a  mi l d /mo de r a t e  o u tc ome  co mpa red  wi t h  n orm a l  o u tcome  
( 0 . 15  (0 .1 1 -0 . 32 )  v s .  0 .0 9  (0 .0 5 -0 . 16 ) ,  p= 0. 18 ) .  Th e  c or re l a t i on  
b e t ween  i nd i v i dua l  c h i ld re n’ s  me t ab o l i t e  i nde x  sc ore s ,  an d  th e  
c omp o si t e  sc or e s  f o r  t he  su bs ca l e s  o f  t h e  BS ID -I I I  w a s  a s se s sed .  
T h i s  sh ow ed  no  s i gn i f i c an t  c o r re l a t i o n  be t we en  t he  lo g  
t r an s fo rmed  m e tab o l i t e  i n dex  sco re s ,  a nd  t he  c o gn i t i ve  ( R²  0 .0 4 ,  
p =  0 .3 2) ,  l an gua ge  ( R²  0 . 08 ,  p =  0 .1 8)  o r  mo to r  (R ²  0 .0 3 ,  p= 





Fi gu re  3 .3 :  Mo de l  B :  Co r re l a t io n  be t ween  B SI D - I I I  c o mp os i t e  s co re s  a nd  m e ta bo l i t e  i nd ex  B  s co re s .  X -ax i s :  






T a b le  3 . 7 :  Mo de l  B :  Med ia n  (I QR )  v a lue s  f o r  co gn i t i ve ,  l a ng u age  an d  m ot or  c o mp o s i t e  
s co re s  ac r os s  ou tco me  g ro up s  a nd  p -va l ue  f o r  be twe en  g r ou p  d i f fe r ence s  ca l c u la t e d  wi t h  
M an n -Whi t ne y U  t e s t i n g .  Pea r so n’ s  R  va l ue  an d  p -va lue  a re  sh o wn  fo r  co r re l a t i o n  be t we en  
c omp o si t e  s co re s  a nd  lo g  t r a ns fo rme d  m e tab o l i t e  i nde x  B  sc ore s .  
 Normal Outcome Mild/Moderate Outcome  Correlation  
 Median (IQR) Median (IQR) p-value Pearson’s R² p-value 
Cognitive Composite 95 (95-100) 88 (84-96) 0.02 0.04 0.32 
Language Composite 106 (102-112) 88 (79-103) 0.01 0.08 0.18 





3 . 1 . 5  D i scu s s i on  
In  th i s  co ho r t ,  we  ha ve  exami ned  t he  ab i l i t y  o f  tw o  no ve l  
me t ab o l i t e  m ode l s  t o  p red ic t  t h ree -ye a r  ne ur od e ve l op menta l  
o u tc ome  in  a  c oh or t  o f  i n fa n t s  w i t h  pe r i na t a l  a sp h yx ia  an d  HIE .  
We  com par ed  th i s  t o  t he  ab i l i t y  o f  com mo nl y u se d  b ioc hemica l ,  
p h ys i o l o gic a l  an d  c l in i ca l  mark e r s  r ou t i ne l y m ea su red  i n  t he  
p e r i na t a l  a nd  ea r l y n e ona ta l  pe r io d  to  p red i c t  ou t come .   
In  t e rm s  o f  t o o l s  a va i l a b l e  a t  de l i ve r y,  m o de l  A s co re s 
ca l cu la t ed  f r om en do gen ou s  c ord  b l oo d  m e tab o l i t e s  mea su re d  a t  
b i r t h  pe r f o r med  we l l  a t  p red ic t in g  a n  ab no rma l  ou t come ,  a s  d i d  1  
a nd  5  min u te  Ap ga r  a nd  d e gree  o f  r e s u sc i t a t i o n .  Ho w e ve r ,  when  
t he  b es t  cu t -o f f  s cor e  wa s  ch o sen ,  ( y  ≥  2 66 1 . 2 )  t he  m ode l  
s u f fe re d  f r om  r e l a t i ve l y l o w  spec i f i c i t y ,  mi sc l a s s i f yi n g  s e ve ra l  
n or ma l  ou tcom es .  
M o de l  B  sco re s  pe r f o rme d  w e l l ,  a s  d id  1  a nd  5  mi nu t e  Ap ga r  
s co re s ,  f o r  t he  p re d ic t i on  o f  b o t h  se ve re  ou tc ome  an d  in t ac t  
s u r v i va l .   Se ve re  o u tc ome  w as  h o we ve r  p red omi na te d  b y in fa n t s  
w h o  s ub se qu e n t l y d i ed  an d  a l l  i n fa n t s  wi t h  a n  i nd ex  ab o ve  the  
p ro po se d  cu t -o f f  o f  2 . 4d id  n o t  su r v i ve .  Indee d ,  t he  on l y c h i ld  t o  
s u r v i ve  wi t h  a  se ve re  ou tc ome  w a s  n o t  p r ed ic t ed  b y t h i s  ma rk e r .  
T h i s  ch i ld  ha d  de l a ye d  e vo l u t io n  o f  e nce pha l op a th i c  s ym pto ms 
p e r hap s  r e l a t e d  to  t he  t imi n g  o f  i n ju r y a nd  fa i l e d  to  mee t  c oo l ing  
c r i t e r i a  wi t h i n  t he  f i r s t  s i x  ho ur s  o f  l i f e .  Th i s  mar ke r  may  
t he re fo re  ha ve  g r ea t e r  va l ue  i n  ob je c t i ve l y i de n t i f yi n g  t ho se  a t  
h i ghe r  r i sk  o f  d ea th  a nd  ma y h e l p  to  i n f o r m d i f f i c u l t  dec i s i ons  
r e ga rd i n g  r ed i rec t i on  o f  ca re .   
T he  b ioc hemica l  ma rke rs  r ou t i ne l y mea s ure d  a t  de l i ve r y d id  no t  
p e r fo rm  we l l  a t  p re d ic t i n g i n t ac t  s u r v i va l  wi th  no rma l  
n eu ro de ve lo pmen t  i n  ch i ld ho o d .  Th e  me tab o l i t e  mo de l s  
o u t pe r fo rme d  cu r re n t l y a va i l ab l e  ma rk e r s  i n  t h i s  r e ga r d .  In deed ,  
f o r  mo de l  B ,  a l l  fo ur  ch i l d r en  ( th ree  m ode ra t e  HIE ,  one  se ve re  




o u tc ome  a l s o  ha d  a  l o w me ta bo l i t e  i nde x  sc ore .  Ho we ve r ,  we  
ca nn o t  d i s t i n gu i s h  be t wee n  t he  a b i l i t y  o f  t he  l o w  me ta bo l i te  
s co re  t o  p re d ic t  t ho se  wi t h  a  l o w  r i sk  o f  i n j u r y a t  b i r t h ,  o r  t o  
p re d ic t  t ho se  w i th  a  goo d  c hanc e  o f  r e s po nd i n g  w e l l  t o  
t he ra pe u t i c  h yp o the rmia .  As  i t  i s  no t  e th i ca l  t o  exa mine  t he  
s co re  i n  a  n on -co o le d  co ho r t  t h i s  que s t i on  ma y b e  d i f f i cu l t  t o  
a ns we r .  
T he  me ta bo l i t e  i n de x ,  w hi l s t  n o t  i d ea l ,  sh o wed  su pe r io r  
p re d ic t i ve  ab i l i t y  c om pa red  wi th  a l l  o the r  b i oc hemica l  mar ke rs  
c ur ren t l y a va i l a b l e  a t  de l i ve r y.  T he se  mar ke rs  a re  i n  ac t i ve  u se  
a s  pa r t  o f  c l i n i ca l  de c i s io n  ma kin g  a nd  a re  cen t ra l  t o  t he  c r i t e r i a  
f o r  i n i t i a t i o n  o f  t he ra pe u t i c  h yp o t he rm ia  (1 26 ,  31 4) .  E ven  the  
s t a l wa r t  Ap ga r  sc ore  ha s  ce r t a in  d i sa d va n ta ges .  Ap ga r  sc ore s  a re  
ge ne ra l l y  f ou nd  to  be  m o st  u se f u l  a t  ex t reme s  bu t ,  de sp i t e  t h i s ,  
o ne  in  f i ve  i n fa n t s  wi t h  a n  Ap ga r  sco re  o f  0  a t  1 0  m in u te s  o f  l i f e  
w i l l  su r vi ve  to  s ch oo l  a ge  wi t ho u t  mo de r a t e  o r  se ve re  d i sa b i l i t y  
( 11 3) .  In  o ur  co ho r t ,  e ven  an  Ap ga r  sc ore  ≥  6  a t  5  mi nu te s  c ou ld  
o nl y p re d ic t  a  n or ma l  ou t come  w i t h  a  se n s i t i v i t y  o f  65 % a nd  a  
s pe c i f i c i t y  o f  72 %.  Ap ga r  sc ore s  a l s o  s u f fe r  f r om h i gh  in t e r -
o b se r ve r  va r i a b i l i t y  ( 11 4) .   
As  e xp ec te d ,  S a r na t  s cor e  a nd  co n t i nu ou s  EE G gr ad i ng  
p e r fo rmed  a t  24  h ou r s  o f  a ge  co r re l a t e d  h i gh l y w i t h  o u tcome  
gr o up s .  Ho w e ve r ,  whi l e  t he se  to o l s  a re  c r uc i a l  t o  e va l ua t i o n  o f  
a nd  l on ge r  t e rm  p ro gn o s t i ca t io n  i n  h yp o x ic - i scha emic  i n ju ry,  
EE G ana l ys i s ,  i n  pa r t i c u l a r ,  r e qu i re s  s i gn i f i ca n t  e xp e r t i se  t o  
u t i l i se  t o  i t s  p o te n t i a l  wh ich  ma y n o t  a lw a ys  be  a va i l a b l e  and  
b o t h  to o l s  p r o v ide  p ro gn o s t i c  i n fo rma t io n  a t  a  l a t e r  t i me  p o in t  
c ompa re d  to  c or d  b lo od  a na l ys i s .   An  o b jec t i ve  ea r l y u se r -
i nde pen de n t  b io mar ke r  wo uld  be  u se f u l  fo r  c l i n i c i ans ,  
p a r t i cu l a r l y i n  s i t ua t i on s  nece ss i t a t i n g  t r an s fe r  o f  p a t i e n t s  f o r  




M e ta bo l i t e  com bi na t i on s  mea su re d  a t  b i r t h  c ou l d  po te n t i a l l y  
s u pp or t  c l i n i ca l  de c i s io n  mak ing  a nd  c on t r i bu t e  t o  a  ma na ge men t  
a l go r i t hm fo r  pe r i na t a l  a sp h yx ia  a l on gs id e  c l i n i ca l  ma rke rs  
me nt i one d  ab o ve  a nd  EE G f i nd in gs .  As  t ech no lo gy a d van ce s  t he  
a b i l i t y  t o  r a p i d l y mea su re  a  co mbi na t i on  o f  me ta bo l i t e s  i n  a  
p o i n t  o f  ca re  de v ice  i n  t he  l a bo ur  war d  o r  N IC U i s  a  r ea l i s t ic  
p o s s ib i l i t y .  Al rea d y the re  a re  be ds ide  de v ice s  i n  u se  tha t  
mea s ure  s im i l a r  sma l l  mol ecu le s  s uch  a s  g luc o se ,  l a c t a t e ,  
c ho le s t e r o l  a nd  ke to ne s .   
T he  b i o l o gic a l  p l a u s ib i l i t y  o f  t he  i n dex ’ s  me ta bo l i t es  
s t r en g the n s  ou r  co nf i de nce  in  i t s  p red ic t i ve  po te n t i a l .  Fo r  M ode l  
A,  t he  in vo l veme nt  o f  t he  f i ve  me t ab o l i t e s  d i sc u s sed  h e re  i n  t he  
p a th op h ys i o lo gy o f  pe r in a t a l  a s ph yx i a  an d  su b seq uen t  
n eu ro l o gi ca l  i n ju r y ha s  bee n  f u r the r  e xp l i ca t ed  in  o ur  p re v io us  
w o rk  ( 15 2) .  Wi th  re ga r d s  t o  Mo de l  B ,  h yp o x ia - i schae mia  l eads  
t o  a l t e ra t i on s  i n  ce l l u l a r  ene rg y p a th wa y m o lecu l e s ,  suc h  a s  
g l yc e ro l  an d  s ucc i na t e ,  vi a  mi toc ho nd r i a l  d ys f un c t io n  and  
s u b seq uen t  d i s r up t io n  o f  t he  t r i ca rb ox yl i c  ac i d  c yc l e  (1 51 ) .  
Al t e red  o -ph os ph oc ho l i ne  ha s  bee n  de sc r ibe d  in  an ima l  mo de l s  
o f  h yp o x ia - i sc haemi a  ( 31 5) .  I t  i s  b o th  an  a nab o l i c  a nd  c a t ab o l i c  
me t ab o l i t e  o f  ce l l  memb ran e  me ta bo l i s m an d  ma y i nd i ca t e ,  a lo ng  
w i t h  g l yc e r o l ,  c e l lu l a r  mem bra ne  b rea kd ow n  ( 31 6) .   T he  b ra in ’ s  
a b i l i t y  t o  up re gu la t e  t he  me tabo l i sm of  ke to ne  bo d ie s ,  i n  o rd e r  
t o  p ro v ide  a n  a l t e rn a t i ve  ene r gy  s o urc e ,  i s  a n  imp or t an t  me an s  o f  
ce reb ra l  ada p ta t i on  in  ea r l y l i f e  (3 17 ) .  3 -h yd r o x yb ut yr a t e ’ s  
c on t r ib u t i on  t o  t he  m ode l  m a y i n d ica t e  de fe c t i ve  ke t on e 
p ro du c t io n ,  com ple t e  c on s um pt i on  o f  k e to ne  su pp l y o r  
i nade qu a te  p r i o r  a da p ta t i on  t o  ke to ne  m e tab o l i sm ,  ca us in g  th e  
s ec on da r y en e r gy f a i l u re  t o  beco me  i ns ur mo unta b le  a nd  re su l t  i n  
l on g - t e rm  dama ge .  Ad di t i on a l  i n fo rma t io n  i s  a va i l ab l e  i n  Re i nk e 
e t  a l  ( 25 0) .   
T he  n o ve l t y o f  t h i s  s tu d y r e l i e s  o n  the  un i que l y r ec ru i t ed  c oh or t  




ca re f u l l y  d e f i ned  b o th  c l i n i ca l l y  an d  e l ec t r o grap h ica l l y ,  
a l on gs ide  b io spe c ime ns  t ha t  we re  me t i cu lo us l y b i oba nke d  a nd  
l on g  t e r m  ne ur ode ve l opme nta l  a s se s smen t .  A s ca rce  n umb er  o f  
b ioma rk e r  s tu d ie s  ha ve  be en  ab le  t o  c or re l a t e  b i omar ke r  f i n d i n gs  
i n  ea r l y l i f e  w i th  i n fan t  ou tc ome .    
T he  p re se n t  s t ud y h ad  s ome  l imi t a t io n s .   Di f f i cu l t i e s  wi t h  s t udy  
p a r t i c ipa n t  r e t e n t io n  a s  we l l  a s  t he  l o w ra t e s  o f  h yp o x ic -
i sc haemic  in j u r y i n  t h e  h i gh - i nc ome  c ou n t r i e s  w he re  b ioma rke r  
r e s ea rc h  i s  p o ss ib l e ,  p re se n t  s ign i f i ca n t  on go i n g  ch a l l en ge s  to  
s uc ce ss fu l  b i omar ke r  d i sco ve ry a n d  va l i da t i on  ( 1 ,  8 ) .  As  a  
r e s u l t ,  t he  n um ber  o f  i n fan t s  w i t h  ab no rma l  o u tco mes  in  t h i s  
c oh or t  i s  l o w  th u s  l im i t in g  i n t e r p r e t a t i on  o f  t he se  re s u l t s .  
Fu r t h e rm ore ,  t r e a tme nt  w i t h  t he rape u t i c  h yp o t he rmia  
c ompl i ca t e s  t he se  s t ud ie s  by c o nf ou nd i n g ou r  a b i l i t y  t o  
acc ur a t e l y g r a de  o u tc ome .  Pr e -c l in i ca l  va l i da t i on  o f  t h i s  
me t ab o l i t e  i nde x  in  a  l a r ge r ,  i nde pen den t  co ho r t  o f  HIE  i s  
e s sen t i a l ,  ho we ve r  t h i s  wi l l  r e qu i re  a  m ul t i - cen t re  ap pr oach .   
T o  da t e ,  t h i s  w or k  ha s  bee n  f ocu se d  on  b io mar ke r  d i sc o ve r y.  T he  
h i gh l y d yn a mic  na tu re  o f  t he  me ta bo lome  i s  c on s t a n t l y a f fe c t ed  
b y ge n e t i c  o ve r s i gh t  a nd  en v i ro nmen ta l  i n f l uence .  Th u s ,  
me t ab o l i t e  c once n t ra t i on s  wi l l  ch an ge  ra p id l y o ve r  t ime .  S t ud i e s  
i n  a n ima l  m ode l s  o f  h yp o x ia - i s chae mia  wi l l  be  he l p f u l  i n  
i den t i f yi n g  the  t ime d  de t ec t ion  o f  t h e  me tab o l i t e  a l t e ra t io n .  
T rack in g  me tab o l i c  c han ge s  t h r ou g h  po s t -na t a l  sam pl i n g  o ve r  
t i me  wi l l  a l so  he lp  e s t ab l i sh  the  pa t t e r n  o f  cha n ge  an d  s peed  to  
r eco ve r y o f  t he  me tab o l i t e s .  Fu r t he rm or e ,  we  nee d  to  unea r t h  t he  
l on g - t e rm impl i ca t i on s  o f  t h i s  ea r l y me ta bo l i c  d ys f u nc t i on  and  






3 . 1 . 6  C o nc lu s i on  
In  co nc l u s io n ,  wi t h in  t he  l imi t a t io ns  o f  t h i s  s t ud y,  w e  h a ve  
d emo n st ra t ed  th e  po t en t i a l  o f  me t ab o l i t e  i nde x  sc ore s  mea s ure d 
a t  b i r t h  t o  ob jec t i ve l y i den t i f y  i n fan t s  a t  h i gh  r i sk  o f  dea t h  in  
t he  ca se  o f  a  r a i sed  sc ore  a nd  t ho se  wi t h  th e  po s s i b i l i t y  o f  a  
n or ma l  o u tcom e  i f  t he  sco re  i s  l o w .  Mo de l  sco re s  de r i ve d  f r om 
me t ab o l i t e s  m eas ur ed  a t  b i r t h  ha ve  t he  p o te n t i a l ,  i n  co n ju nc t i on  
w i t h  imp or t an t  mar ke r s  su ch  a s  Sa r na t  s t a g i n g  a nd  EE G,  to  
p ro v i de  a  us e r - in depe nd en t  t e s t  t h a t  c ou ld  gu ide  c r i t i c a l  




4.0  Regional  Variat ion in the  Bayley-3:  a  low 






4 .1  Abstrac t  
4 . 1 . 1  O b jec t i ve  
T o  in ve s t i ga t e  t h e  pe r f o rma nce  o f  a  l ow - r i s k  he a l th y I r i s h  
p o pu la t io n  o n  the  Ba yl e y S ca l e s  o f  In fan t  an d  To ddle r  
D e ve lo pme nt  (E d i t i on  3 ) ,  g i ven  p r e vi ou s  e v id ence  o f  r e g io na l  
va r i a t i o n .   
4 . 1 . 2  D e si gn   
A n e s t e d  c oh or t  s t ud y w i t h i n  th e  po pu la t io n  ba se d  b i r t h  co hor t  
s t ud y,  t he  BAS E LIN E  St ud y,  o f  l o w -r i s k  s i n gl e to n s  a t t e nd i n g  f o r  
d e ve l op ment a l  a s se s sme nt  a t  2  yea r s  o f  a ge .   
4 . 1 . 3  S e t t i n g  
A s i n g le ,  t e r t i a r y ma te rn i t y  h o sp i t a l  i n  Co rk ,  I r e l an d ,  wi t h  90 00  
d e l i ve r i e s  pe r  a nn um .   
4 . 1 . 4  P a t i e n t s  
2 4 0  ch i ld ren ,  k no w n t o  be  lo w r i s k  hea l th y i n fa n t s  wer e  inc lu ded  
i n  an a l ys i s .  Ex c lu s i on s  inc l ud ed  a  h i s t o r y o f  i n t r a -u t e r ine  
g r o wt h  re s t r i c t i o n ,  p rema t ur i t y ,  h yp o x ic - i sc haemic  
e ncep ha l opa t h y o r  co n ge n i t a l  a no ma l i e s .   
4 . 1 . 5  M ai n  Ou tcom e  Mea s ure s  
C hi l d re n  wer e  a ss e s se d  wi t h  th e  Ba yl e y S ca l e s  o f  In fa n t  a nd  
T od dle r  De ve l opm ent  (Ed i t i on  3 )  a t  2  yea r s  o f  a ge .  Com pa r i so ns  
w er e  ma de  w i th  U. S .  a nd  a va i l ab l e  U . K.  no rma t i ve  da t a .   
4 . 1 . 6  R e su l t s  
La n gu a ge  an d  f i ne  m oto r  sco re s  ( mean ± SD )  wer e  s i gn i f i can t l y  
h i ghe r  com pare d  t o  U. S  s t a nda r d i ze d  nor ma t i ve  va lue s ,  1 09 ± 13  
v .  10 0± 15 ,  p< 0. 00 1  a nd  11 .5 ± 2  v .  1 0 ± 3 ,  p< 0. 00 1  re spe c t i ve l y.  
T h i s  sh ow ed  m edi um t o  l a r ge  po s i t i ve  e f f ec t  s i ze s .  When  
c ompa re d  wi t h  U. K.  da t a ,  l an gu a ge  a nd  f ine  m oto r  s k i l l s  




1 1 .5± 2  v .  10 .9± 3 ,  p <0 .0 01 ,  w hi l e  co gn i t i ve  sc ore s  w ere  re duc ed  
9 . 83± 2  v .  1 0 . 7± 3 ,  p <0 .0 01 .   
4 . 1 . 7  C o nc lu s i on  
T he re  i s  a  nee d  fo r  r e g io na l  p op u la t io n  no rm s to  a s s i s t  c l i n i ca l  
i n t e r p r e t a t i on  a nd  u se  o f  sc ore s .  Fo r  r e s ea rc h  p ur po se s  t h i s  wo rk  
a l s o  em pha s i se s  t he  im po r t ance  o f  a  co n tem po ra r y c on t ro l  





4 .2  In troduc t ion  
T he  Ba yl e y S ca l e s  o f  In fan t  a nd  To dd le r  De ve lo pment  i s  a  
w i de l y u sed ,  i nd i v i dua l l y a dmi n i s t e r ed  a s se s sme nt  o f  
d e ve l op ment a l  f unc t io n in g .  The  Ba yl e y Sca l e s  ha ve  been  u sed  
b o t h  in  c l i n i ca l  p rac t i ce  an d  in  re sea rch  to  i den t i f y i n fan t s  a t  
r i sk  o f  de ve l op ment a l  de l a y a nd  to  p ro v id e  i n f o rm a t io n  fo r  
i n t e r ve n t io n  p l a nn i n g .   
T he  t e s t  i s  de s i gne d  f o r  i n f an t s  a nd  t od d le r s  a ge d  16  da ys  t o  42  
m ont h s  an d  1 5  da ys  o f  l i f e .  I t  co n s i s t s  o f  3  admi n i s t e red  
s u b sca l e s  ( made  up  o f  5  s ub te s t s ) ;  co gn i t i ve ,  l an gu a ge  ( rece p t i ve  
c ommu nica t io n  a nd  ex pr e s s i ve  c ommu nica t io n)  an d  mot or  ( f i ne  
a nd  g ro s s  mot or ) .  Th e  i n i t i a l  a ss e s smen t  wa s  de ve lo pe d  i n  19 69 ,  
b u t  i t  h a s  s ince  bee n  re vi se d  i n  1 9 93  a nd ,  m o s t  r ecen t l y,  i n  2 006  
w he n  Ed i t i o n  3  ( BS ID -I I I )  w a s  in t r od uced  (1 74 ,  31 8 ,  3 19 ) .  Fo r  
t he  BS ID - I I I  n e w n or ma t i ve  d a t a  wa s  p ro duce d ,  ba se d  on  a  U.S  
s am ple  ga the re d  f rom J a nu a r y  20 04  t o  Oc t obe r  2 00 4 .  17 00  
c h i ld re n  were  inc lu ded  an d  s t r a t i f i e d  t o  de mo gra ph i ca l l y  re f l ec t  
t he  20 00  U. S  ce n su s  in  t e rm s  o f  a ge ,  s ex ,  pa re n t  ed uca t i on  l e ve l ,  
r ace /e t hn ic i t y  a n d  ge o grap h ic  r e gi on .  1 7  a ge  ban d s  we re  
e s t a b l i sh ed  wi t h  10 0  pa r t i c i pa n t s  i n  ea ch .  Age  ba nd s  f o r  yo u n ge r  
a ge s  we re  na r r owe r  s h i f t i n g  g r ea t e r  n umbe r s  i n t o  t he  n orma t i ve  
s am ple  o f  t he  f i r s t  ye a r  o f  l i f e .  T he  s ample  fo r  t he  BS ID -I I I  a l so  
i nc lu de d  a  p r op or t io n  o f  c h i ld ren  f r om  s p ec i a l  g r ou p  s tu d ie s  i . e .  
D o w n S yn d rome ,  Ce re br a l  Pa l s y,  Pe r va s i ve  De ve l opme nta l  
D e la y,  p rema t ure  b i r th  an d  l an gu a ge  imp a i rm ent  ( a pp ro x .  1 0% of  
t he  sa mple )  i n  o rde r  t o  “ im pr o ve  re pr e se n ta t i ve ne s s ” .  Pe rc en t i l e s  
f ro m ra w sc ore s  we re  c on ve r t ed  t o  s t a nda rd i se d  sc ore s  (M ean  ±  
S D ) ,  sca l ed  s co re s  (1 0±3 )  an d  co mp o si t e  sc or e  (1 00± 15 )  (3 20 ) .   
S i nce  i t s  i n t r od uc t i on ,  t he  co r rec t  i n t e r p re t a t io n  o f  t he  BS ID -I I I  
h a s  bee n  un de r  sc ru t in y.  T he  BS ID -I I I  s im pl i f i e d  ad min i s t ra t i on  
p ro ced ure s  an d  in s t ruc t io n s ,  and  t oo k  pa r t i cu l a r  ca re  t o  i nc lu de  




p re d ic t i ve  va l i d i t y  f o r  t he  up da te d  t e s t  ( 32 1) .  Ho w e ve r ,  co n ce rns  
h a ve  a r i sen  ab ou t  a  n um ber  o f  a s pe c t s  o f  sco re  i n t e rp re t a t io n  a nd  
c l i n i ca l  ap p l i ca t io n .  T he re  ha s  b een  c on s i de r ab le  c on t r o ve r sy  
a bo u t  po ten t i a l  u nde re s t ima t ion  o f  de ve l opm enta l  de l a y u s ing  
t he  BS ID - I I I  a n d ,  h ence ,  sco re  i n f l a t i o n  ( 32 2 ,  32 3)  w he the r  d ue  
t o  t he  mi xed  n orm s ( i nc lu s i on  o f  a  1 0% a t - r i sk  po pu la t io n)  i n  
t he  n orma t i ve  da t a ,  o r  p re v io u s  u nde re s t ima t io n  o f  
n eu ro de ve lo pmen ta l  ab i l i t i e s  b y ea r l i e r  ed i t i o n s  o f  t h e  
a s se s smen t  (3 24 -3 26 ) .   
T h i s  ha s  l e d  to  va r io u s  p r op o s i t i on s  o n  ho w to  rec on c i l e  t he se  
f i n d in gs  w he t he r  i t  be  t o  im po se  an  a l go r i t hm  to  c omp are  Ba yle y  
I I  a n d  I I I  s co re s  o r  t o  a l t e r  t he  cu t -o f f s  u se d  t o  qua n t i t a t i ve ly  
i den t i f y t ho se  a t  r i s k  o f  de ve lo pme nta l  de l a y ( 32 4 ,  3 27 ) .   
T he se  i s su es  wi th  t h e  BS ID -I I I  h a ve  impl i ca t i on s  fo r  bo th  
c l i n i ca l  a nd  r e s ea rc h  s phe re s .  In  a  c l i n i ca l  c on t ex t  i t  ma ke s  
i n t e r p r e t a t i on  o f  a  c h i l d ’ s  s co re s  d i f f i c u l t  i n  t e rm s  o f  a s s i gn i ng  
d e gree  o f  d e ve l opm enta l  de l a y,  r eq u i reme nt s  f o r  fu r the r  
i n ve s t i ga t i on  an d  ma na gement  p l a nn i n g .  Fo r  r e sea r ch  i t  im pac t s  
o n  l on g i t ud i na l  com par ab i l i t y .  I f  t he  Ba yl e y I I  an d  I I I  a r e  n o t  
d i rec t l y  com para b le ,  t hen  c ha nge s  in  ou tcom e  o ve r  t ime  o r  due  
t o  i n t e rced in g  i n t e r ve n t i on  e f fec t  a re  ha r de r  t o  dem on st ra t e .  Fo r  
e xamp le ,  i f  ne ur od e ve l op menta l  o u tc ome s  im pr o ve  in  a  c oh or t  o f  
e x -prem a tu re  i n fa n t s  o ve r  a  num ber  o f  yea r s  t he  q ue s t i on  a r i se s  
a s  t o  whe the r  t h i s  i s  d ue  t o  i n t e r ve n in g  c han ge s  i n  ne ona ta l  ca re  
o r  s impl y d ue  t o  a  ch an ge  i n  t he  t e s t  e d i t i on  u se d .    
T he re  i s  a l so  a  p o te n t i a l  im pac t  o f  en v i r onm enta l ,  cu l tu ra l  and  
h ence  r e gi ona l  va r i a t i o n s  on  sc or e s  ( 32 8) .  Th i s  ha s  been  
e xp l o re d  in  a  r an ge  o f  po pu l a t ion s  wo r l dw ide  a nd  h as  yi e l ded  an  
i nco n gru ou s  p i c t u r e  su gge s t in g  s i gn i f i ca n t  r e g io na l  d i f fe ren c es  
i n  p e r fo r manc e  ac ro s s  t he  i n fan t  a nd  t od d le r s  ye a r s  u s in g  t he  




s i gn i f i ca n t  impl i ca t i on s  f o r  i n t e rp re t a t io n  o f  r e s u l t s  w i th i n  a  




A u t h or  R eg i on  C oh or t  A ge   S i gn i f i c a nt  Di f fere nce s  
    C o gn i t i ve  R ecep t i ve  
La n gu a ge  
E xp re ss i ve  
La n gu a ge  
Fi n e  
M o to r  
Gr o s s  
M o to r  
B ay ley  2 01 0  U K a nd  
I r e l a nd  
2 2 1  1 2  m ont h s  a nd  
2 4  mo nth s  
↑  ↔  ↔  ↑  ↓  
C h i nt a  20 14  Au s t ra l i a  1 5 6  3  ye a r s  
↑  ↑  ↑  ↑  ↔  
C r omw el l  
2 0 14 *  
M ala wi  1 6 7  1 0  a nd  14  
w ee ks ,  t hen  6 ,  
9 ,  12 ,  1 5 ,  1 8 ,  
2 4 ,  an d  30  
m ont h s  o f  a ge  
↑/↓  ↑/↓  ↑/↓  ↑/↓  ↑/↓  
Kr og h  
2 0 12 **  
D en mar k  4 5  4 , 7 , 10  a nd  13  
m ont h s  
↔/↑ ↓  ↓/↔  ↑/↔  ↓/↔  
Mc Gui n ne s s  
2 0 12  
N o r th e r n  
I r e l a nd  
6 5 5  2  t o  3  ye a r s  
↑  ↑  ↑  ↑  ↓  
S te en i s  
2 0 15 ** *  
N et he r l an ds  1 9 12  1 4  da ys  t o  42  
m ont h s  14  da ys  
↓  ↓  ↓  ↓  ↓  
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Y u  20 13  Ta i wa n  4 7  6 ,  1 2 ,  1 8  a nd  
2 4  mo nth s  
↑/↔  ↓  ↑/↔  
 
T a ble  4 .1 :  Su m ma ry  o f  l i t e r a t ure  r eg ar d i ng  ge og r ap h ica l  d i f f e re nce s  i n  Bay le y  Sca l e s  o f  In f an t  a nd  T od d le r  
D eve l op me nt  (E d i t i on  3 )  sc or es  i n  hea l thy  co ho r t s  
↑  =  s i g n i f i c a n t l y  h i g h e r  s c o r e s ;  ↓  =  s i g n i f i c a n t l y  l o w e r  s c o r e s ;  ↔  =  n o  s i g n i f i c a n t  d i f f e r e n c e  
* C r o m w e l l  e t  a l  f o u n d  h i g h e r  s c o r e s  i n  t h e  f i r s t  m o n t h s  o f  l i f e  a n d  l o w e r  s c o r e s  t h e r e a f t e r  a c r o s s  a l l  
s u b s c a l e s  i n  t h e i r  c o h o r t  h e n c e  ↑ / ↓  
* * K r o g h  e t  a l  f o u n d  s l i g h t l y  d i f f e r e n t  f i n d i n g s  a c r o s s  t h e  a g e s  o f  t e s t i n g  i n  t h e i r  c o h o r t ,  o v e r a l l  
t r e n d s  a r e  s h o w n  h e r e  
* * * S t e e n i s  e t  a l  f o u n d  s c o r e s  f l u c t u a t e d  a c r o s s  a g e s  o f  t e s t i n g ,  t r e n d  s h o w n  h e r e  b a s e d  o n  r e s u l t s  
a c r o s s  a l l  a g e s  
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4 .3  Aim 
O u r  a im  wa s  to  e s t a b l i sh  i f  sco re  d i s c re panc ie s  a l s o  ex i s t ed  in  
o ur  r e g io n  b y e xam in i n g  t he  n or ma t i ve  da t a  f o r  a  c oh or t  o f  l ow -
r i sk  hea l th y 2  ye a r  o ld s  i n  a  c on tem po ra r y I r i sh  p op u la t i on .  
  
4 .4  Methods  
4 . 4 . 1  P ar t i c i pan t s  
Fr o m  20 08  to  2 01 1  a l l  p r imi gr av i da  a t t e nd i n g  a  l a r ge  ma te r n i ty  
u n i t  w i th  nea r l y 90 00  de l i ve r i e s  pe r  an num in  Co rk ,  I r e l a nd  w ere  
p ro s pec t i ve l y i n v i t ed  to  p a r t i c i pa t e  i n  t h e  f i r s t  l o n g i tu d ina l  
s t ud y o f  p re gna nc y an d  ea r l y c h i ld ho od  in  I r e l an d ,  t he  
BAS E LIN E  S tu d y.   Wr i t t e n  i n f o rme d  pa re n ta l  c on se n t  was  
o b ta i ne d  f o r  i nc l u s io n .  T he  Cl in i ca l  Re sea r ch  E t h i c s  c ommi t t ee  
o f  t he  C or k  Teac h i n g Ho s p i t a l s  p r o vi ded  e th i c a l  ap pr o va l  (E CM  
5 (9 )  01 /0 7 /2 00 8) .   
C h i l d re n  we re  f o l lo we d  up  a t  0 ,  2 ,  6 ,  12 ,  24  a nd  6 0  m ont h s  a nd  
a s se s sed  f o r  va r io u s  mea s ure s  o f  g r o wth ,  nu t r i t i on  an d  a l l e r gy  
a nd  d e ve l op menta l  p r o gre s s .  Th e  fu l l  de sc r ip t io n  o f  t he  Bi r th  
C o ho r t  S t ud y p r o toc o l  ha s  bee n  p re v io u s l y p ub l i s he d  (3 35 ) .   
As  pa r t  o f  a  ne s t ed  c oh or t  s tu d y,  a  r e pre se n ta t i ve  sam ple  o f  
h ea l t h y,  l o w -r i sk  s in g le t on s  we re  in v i t e d  fo r  neu ro de ve lo pme nta l  
a s se s smen t  wi t h  t he  BS ID -I I I  a t  2  ye a r s .  T he se  in fan t s  we re  
s e l ec t ed  f r om t he  t o t a l  b i r t h  c oh or t .  E xc l u s io n  c r i t e r i a  i n c lu d ed  
i n t ra -u t e r i ne  g ro wt h  re s t r i c t i on  ( IU GR )  ba sed  o n  a  cu s t omi zed  
b i r t h  ce n t i l e  < 10 %,  a  h i s to r y o f  h yp o x ic - i sc haemic  
e ncep ha l opa t h y ( HIE ) ,  p r ema tu r i t y  o r  co n gen i t a l  a no ma l i e s .   
Ad d i t i ona l  ana l ys i s  wa s  pe r f o rme d  inc lu d in g  ch i ld ren  i n v i t ed  fo r  
f o r ma l  ne ur ode v e l opme nta l  a s se s sme nt  wi th  t he  BS ID -I I I  a f t e r  
d emo n st ra t in g  ab no rma l  r e su l t s  o n  p a re n ta l  que s t i on na i re s  u sed  
f o r  de ve lo pme nta l  an d  be ha v io ur a l  s c ree n i n g .  The se  i nc lu de d  the  
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Age s  a nd  Sta ge s  Q ue s t i on na i re  Ed i t i o n  3  ( 33 6)  a nd  t he  C hi ld  
Be ha v io ur  C hec k l i s t  f o r  a ge s  1 ½-5  (3 37 ) .   
 
4 . 4 . 2  P r oce du re  a nd  Ana l ys i s  
N eu ro de ve lo pme nta l  a s se s sment  wa s  ca r r i e d  ou t  u s in g  the  
Ba yl e y S c a l e s  o f  In fa n t  an d  To d dle r  De ve lo pme nt  (E d i t i on  3 )  
[ BS ID -I I I ] ,  u s i n g  the  o r i g ina l  Amer i can  E n gl i s h - l a n gua ge  
ve r s i on .  T he  t e s t  wa s  a dmin i s t e red  b y t wo  de d ica t ed  re sea rch  
p s yc h o l o gi s t s  t r a in ed  in  a dmi n i s t ra t i on  a nd  sco r in g  o f  t he  BS ID -
I I I  a n d  b l i nd ed  to  t h e  c l i n i ca l  h i s t o r y o f  t he  ch i ld .  
A r e t ro s pec t i ve  a na l ys i s  wa s  pe r f o rme d  o f  t he  ne s t e d  s ub gr oup  
o f  t he  to t a l  po pu la t io n  ba sed  b i r th  co ho r t  s t ud y.  S t a t i s t i ca l  
a na l ys i s  c on s i s t e d  o f  co mpa r ing  me an  s ca l e d  sc ore s  f o r  each  
s u b te s t  t o  t he  U . S  s t a nda rd i s ed  no rm s o f  t he  BS ID -I I I  u s i n g t -
t e s t s .  Th i s  an a l ys i s  wa s  re p ea t ed  fo l lo wi n g  th e  i nc l u s io n  o f  t he  
g r o up  o f  c h i l d re n  t e s t e d  fo l lo wi n g ab no rma l  sc ree ne r  r e s u l t s  a s  
d es c r i bed  ab o ve  f o r  a l l  ch i l d re n  wi t h  c ompl e t ed  a s se s s ment s .  
T he  s ame  me t ho d  w as  u sed  t o  c ompa re  sca l e d  sco re s  f r om  o ur  
c oh or t  t o  U . K me an s  s ou rced  f rom  t he  Ba yl e y- I I I  U K a nd  I re l and  
s u pp lemen t  ( 33 3) .  E f fe c t  s i ze  i n  bo t h  c a s e s  w as  ca l c u la t e d  u s ing  
C o hen ’s  D .  Re su l t s  a re  p r e s en ted  a s  mea n  ( ± SD ) ,  mean  
d i f fe re nce  (9 5%  co nf i de nce  i n t e r va l ) .  A p -va lue  o f  < 0 . 05  was  
c on s i de re d  s i gn i f i can t .  Pa t i e n t  demo gra ph ic  i n fo rma t i on  i s  
p re se n ted  ab o ve  a s  me an  ( s t and a r d  d e v ia t i on ) ,  med i an  ( ra n ge )  
a nd  n  (p e rce n ta ge )  a s  a pp ro pr i a t e .  Al l  s t a t i s t i ca l  a na l ys i s  was  




4 .5  Resul ts  
4 . 5 . 1  S t ud y P o pu la t i on  
In  t o t a l ,  2 18 3  i n fa n t s  were  rec r u i t e d  t o  t h e  BAS E LIN E  Stu d y .  
T he  c oh or t  wa s  p red omi nan t l y Cau ca s i an  a t  98 %,  w i th  a  h i gh  
l e ve l  o f  m a te r na l  ed uca t i on .  O ve ra l l  5 5%  o f  m ot he r s  r e po r t e d  a  
U n i ve rs i t y  ed uca t i on  an d  t he  mea n  ma te r na l  a ge  a t  t h e  t im e  o f  
b i r t h  wa s  3 0 . 9  ye a r s  ±  4 . 7  ye a rs .  Af t e r  exc l u s io n s ,  24 4  l ow - r i sk  
i n fa n t s  a t t e nde d  f o r  de ve lo pme nta l  a s se s sm en t .  T he re  we re  4  
f u r the r  e xc l u s io n s  o f  ch i ld r en  w ho  had  a t t e nde d  fo r  
d e ve l op ment a l  a s se s sme nt  bu t  f a i l ed  to  com ple t e  an y o f  t h e  
s u b te s t s ,  f o r  e xam ple ,  d ue  to  n on -com pl i a n t  beh a vi ou r  o r  
i n t e r cu r re n t  i l l ne s s  e t c .  T he  rema i n i n g 24 0  c h i l d re n  wer e  th en  
i nc lu de d  f o r  a na l ys i s  an d  the  rec or d  f o rm s  o f  t he i r  a s se ss ment s  
r e vi e we d .  19 8  ch i ld ren  com ple t e d  a l l  5  s ub te s t s  o f  t he  BS ID -I I I  
a nd  a  fu r the r  42  were  in com ple t e  b u t  ha d  c omp le t ed  a t  l e a s t  1  
s u b te s t  an d  wer e  i nc lu ded  in  t h e  a na l ys i s  o f  t ha t  s ub te s t .  ( Fi gu re  




Fi gu re  4 .1 :  P a t i e n t  f l o w  d i ag ram  
 
O f  t he  2 40  a s se ss ment s  i nc lu de d ,  1 21  c h i ld re n  we re  ma le  
( 50 .4 %)  a nd  1 19  fem a le  (4 9 . 6% ) .  T he  m edia n  ( ra n ge )  a ge  a t  
a s se s smen t  wa s  2 7  mo nth s  an d  5  da ys  ( 24  m ont h s  13  da ys  –  32  
m ont h s  2 8  da ys ) .  Me an  (± S D)  ge s t a t i ona l  a ge  a t  b i r t h  wa s  40  
w ee ks  a nd  1  da y ( ±  1  wee k  a nd  2  d a ys )  an d  mean  ( ± SD )  b i r th  
w e i gh t  wa s  36 13 g  (± 44 5 g) .  
 
4 . 5 . 2  C om par i s on  wi th  U. S .  no rma t i ve  da t a  
C om pare d  w i th  U. S  n orm s ,  t he  s ca l e d  s co re s  o f  o ur  c oh or t ,  wi th  
a  mean  (± S D ) ,  fo r  r ecep t i ve  and  ex pre s s i ve  c omm unic a t io n  w er e  
s i gn i f i ca n t l y h i ghe r  ( p< 0. 00 1) ,  1 1 . 2  ( ±2 .2 )  a nd  11 .8  ( ±2 .8 )  
r e s pec t i ve l y,  c om pare d  to  no rma t i ve  va lu es  o f  10  (± 3) .  The  
e f fec t  s i ze  w as  mea su red  b y C o hen ’s  D  a t  +0 .4 7  an d  +0 .61  
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r e s pec t i ve l y.  T h i s  h ad  a n  o ve ra l l  e f f ec t  o n  th e  com po si t e  s co re  
f o r  t he  l an g ua ge  s ub sca l e ,  1 09  ( ±  13 .2 )  v .  1 00  ( ±1 5) ,  p< 0. 00 1 .  
T he re fo re ,  La n gu a ge  com po si t e  s co re s  we re  9  po i n t s  o r  0 . 6  SD  
h i ghe r  t ha n  t he  s t a nda rd i se d  mea n .  T he  sca l ed  sc or e  f o r  t he  f i ne  
m oto r  su b te s t  wa s  a l so  s i gn i f i c an t l y r a i sed  c omp are d  to  
n or ma t i ve  da t a ,  11 .5  (± 2 .3 )  v .  1 0  ( ±3 ) ,  e f fec t  s i ze  + 0 . 56 .  T h i s  
a l s o  l ed  t o  s i gn i f i c an t l y i n c reas ed  m ot or  c omp o si t e  sco re ,  106  
( ±1 1 . 3 )  v .  10 0  ( ± 15 ) ,  p< 0. 00 1 ,  d e s p i t e  a  l ack  o f  s i gn i f i ca n t  
c han ge  i n  t h e  g ro s s  m oto r  sca l e d  sco re ,  10 .3  (± 2 . 6 ) ,  p=0 .1 51 .  
M o to r  c omp o si t e s  were  t he re fo re  0 .4  S D a bo ve  th e  s t a nda rd i s ed  
mea n .  N o  s i gn i f i ca n t  d i f f e re nce  i n  t he  co gn i t i ve  su bs ca l e  sc ore s  
w a s  e vi den t  c omp ar i n g  th i s  c oh or t  t o  s t an da r d i sed  va lue s ,  99  
( ±1 0 . 5 )  v .  10 0  ( ± 15 ) ,  p =0 .2 14 .  (S ee  Ta ble  4 . 2  a nd  Fi gu re  4 .2 )   
In t e re s t i n gl y o n l y 3 %  of  t he  c oh or t  sc ore d  ≤8 5  ( i . e .  1 S D be l ow 
t he  me an )  i n  t h e  l a n gua ge  su bs ca l e  an d  on l y 2 % in  the  mot or  
s u b sca l e  c ompa re d  wi t h  9 % of  t h e  c o gn i t i ve  su bs ca l e .  At  t he  
s ame  t i me  2 6%  o f  t he  c oh or t  s co red  ≥1 15  i n  t he  l a n gua ge  
s u b sca l e  whi l e  14 % sc ore d  ≥1 SD  ab o ve  the  mea n  in  t h e  m otor  




S u b t e s t  S c o r e  N  M e a n  ( S D )  M e a n  D i f f e r e n c e  
( 9 5 %  C I )  
p - v a l u e  E f f e c t  s i z e   
C o h e n ’ s  D  ( U S )  
C o g n i t i v e  S c a l e d  S c o r e  2 3 4  9 . 8 3  ( 2 . 1 )  - 0 . 1 7 1  ( - 0 . 4 4 ,  0 . 1 0 )  0 . 2 1 4  - 0 . 0 7  
R e c e p t i v e  L a n g u a g e  S c a l e d  S c o r e  2 1 4  1 1 . 2 4  ( 2 . 2 )  1 . 2 3 8  ( 0 . 9 5 ,  1 . 5 3 )  < 0 . 0 0 1  + 0 . 4 7  
E x p r e s s i v e  L a n g u a g e  S c a l e d  S c o r e  2 0 9  1 1 . 7 7  ( 2 . 8 )  1 . 7 6 6  ( 1 . 3 8 ,  2 . 1 5 )  < 0 . 0 0 1  + 0 . 6 1  
F i n e  M o t o r  S c a l e d  S c o r e  2 3 0  1 1 . 5 0  ( 2 . 3 )  1 . 4 9 6  ( 1 . 1 9 ,  1 . 8 )  < 0 . 0 0 1  + 0 . 5 6  
G r o s s  M o t o r  S c a l e d  S c o r e  2 1 6  1 0 . 2 5  ( 2 . 5 )  0 . 2 5 0  ( - 0 . 0 9 ,  0 . 5 9 )  0 . 1 5 1  + 0 . 0 9  
T a ble  4 .2 :  Me an ,  mea n  d i f f e r ence ,  p -va l ue  a nd  Co hen ’ s  D  whe n  co m pa ri ng  re su l t s  w i t h  BS I D - I I I  U S  no r m at i ve  









4 . 5 . 3  C om par i s on  wi th  U. S .  no rma t i ve  da t a  a f t e r  i n c lu s i on  o f  a  
c l i n i ca l  su b -gr ou p  
T he  i nc lu s i on  o f  ch i ld ren  f r om th e  spec i a l  g r ou p  s tu d ie s ,  mak ing  
u p  1 0%  o f  t he  co ho r t ,  i n  t h e  U .S  n or ma t i ve  da t a  co u ld  
p o te n t i a l l y  a f fec t  t he  co mpar ab i l i t y  o f  t he se  2  c oh or t s .  
U n fo r tu na te l y ,  w e  w ere  una b le  t o  i nc l ud e  an  e qu i va l en t  g r ou p  o f  
h i gh - r i sk  c h i l d re n .  Ho we ve r ,  w e  d id  ha ve  a  sma l l  c oh or t  o f  
c h i ld re n  w ho  un de r we nt  BS ID -I I I  a s s e s sme nt s  f o l lo wi ng  
a bn orma l  r e s u l t s  on  pa ren t a l  qu es t io nna i r e s .  4 4  c h i l d re n  wi th  
a bn orma l  sc reene r s  a t t en de d  fo r  de ve l op ment a l  a s se s sme nt .  28  
c h i ld re n  com ple t ed  a l l  5  admi n i s t e red  s ub sca l e s  an d  a  fu r the r  16  
c h i ld re n  had  i nco mple t e  a s se s smen t s .  O nl y c om ple t ed  
a s se s smen t s  were  inc lu ded  in  t h i s  a na l ys i s  i . e .  19 8  f r om t he  l o w-
r i sk  gr ou p s  a nd  2 8  f r om  the  a bno rma l  sc r eene r s  g r ou p .   
Wh en  t he  BS ID -I I I  r e s u l t s  f r om  t he  ch i ld ren  i n  t h e  ab no rma l  
s c r eene r s  a nd  lo w -r i sk  g ro up s  w er e  c ompa red ,  c om po si t e  sco re s  
w er e  s i gn i f i c an t l y l o we r  i n  t he  a bn orma l  sc ree ne r s  g ro up  a c r oss  
a l l  3  su b sca l e s ;  c o gn i t i ve :  8 8  (± 17 )  v .  10 0  (± 10 ) ,  p <0 .0 01 ,  
l a n gua ge :  8 4  (± 20 )  v .  11 0  ( ±13 ) ,  p <0 .0 01 ,  mo to r :  9 1  (± 19 )  v .  
1 0 6  ( ±1 1) ,  p= 0. 00 5 .   
T he  g r ou p s  we re  the n  com bine d  i . e .  22 6  c h i l d re n  inc l ud ing  
1 2 .3%  “c l in i ca l ”  p op u la t i on  an d  com par ed  wi th  t he  U. S  
n or ma t i ve  da t a .  E ve n  inc lu d i n g  t h i s  s ub -gr o up  o f  a t - r i sk  
c h i ld re n ,  l a n gua ge  an d  f i ne  mo to r  su b te s t  sc ore s  r ema in ed  h i ghe r  
t han  U . S .  sc ore s ;  r ece p t i ve  l an gu a ge :  1 0 . 8  ( ±2 .8 )  v .  10  (± 3) ,  
e xp re ss i ve  l a n gua ge :  1 1 . 3  (± 3 .3 )  v .  1 0  (± 3) ,  f i ne  m oto r :  1 1 .3  
( ±2 .6 )  v .  10  ( ±3 ) .  T ho u gh  e f f ec t  s i ze s  b y C ohe n’ s  D  w ere  
s ma l l e r ,  +0 .2 8 ,  +0 .4 1  an d  +0 .4 8 ,  r e spe c t i ve l y,  f o l lo wi n g  the  
i nc lu s i on  o f  t h e  c l i n i c a l  g r oup ,  r e s u l t s  r ema ine d  s i gn i f i ca n t ,  
p <0 .0 01  f o r  eac h .   
 
4 . 5 . 4  C om par i s on  wi th  U. K da t a  
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Al t ho u gh  f u l l  no rma t i ve  d a t a  i s  n o t  a va i l a b l e ,  o u r  r e su l t s  we re  
a l s o  c om pare d  wi th  th e  a va i l a b l e  U. K mean  va lu es .  Sc a l ed  sc ore s  
f o r  a l l  su b te s t s  sh o wed  s i gn i f i ca n t  va r i a t i o n  w i th  l a n gua ge  and  
m oto r  s ub t e s t  be in g  ab o ve  t he  U. K mean s ,  w hi l s t  co gn i t i ve  
s co re s  we re  lo we r ,  p< 0. 00 1 .  ( T ab le  4 . 3 ) .  
 
4 . 5 . 5  C om par i s on  be tw een  a s se ss or s  
As  t he  BS ID -I I I  a s se s sme nt s  we re  ca r r i e d  ou t  b y t w o  d i f fe ren t  
a s se s so rs  o ve r  t h e  th ree -ye a r  t ime -pe r i od  (a s se s sor  A ca r r i e d  ou t  
f o r  f i r s t  8 4  an d  a s se s so r  B ca r r i ed  ou t  t he  s ub se que n t  15 6)  we  
c ompa re d  each  o f  t he se  s ub gr ou p s  to  e ach  o the r  an d  to  t he  U.S  
n or m s t o  co nf i rm  co n s i s t enc y w i t h  the  a bo ve  f i nd i n gs .  
As s e s s or s ’  d i f fe red  s i gn i f i can t ly f r o m each  o the r  i n  t h e  sc ore s  
a s s i gne d  f o r  g r o ss  mot or  a nd  cogn i t i ve  a s se s sme nt .  Ho w e ve r ,  fo r  
b o t h  a s se ss or s  t he re  w as  a  c on s i s t e n t  o ve ra l l  i nc r ea se  in  
r ecep t i ve  l a n gua ge ,  ex pre s s i ve  l a n gua ge  a nd  f i ne  mo to r  s ub te s t s  




S u b t e s t  S c o r e  N  M e a n  ( S D )  U K  M e a n   
( S D ) *   
M e a n  D i f f e r e n c e  
( 9 5 %  C I )  
p - v a l u e  E f f e c t  s i z e  
C o h e n ’ s  D   
( U K )  
C o g n i t i v e  S c a l e d  S c o r e  2 3 4  9 . 8 3  ( 2 . 1 )  1 0 . 7 2  ( 2 . 7 2 )  - 0 . 8 9 1  ( - 1 . 1 6 ,  - 0 . 6 2 )  < 0 . 0 0 1  - 0 . 3 7  
R e c e p t i v e  L a n g u a g e  S c a l e d  S c o r e  2 1 4  1 1 . 2 4  ( 2 . 2 )  1 0 . 2 9  ( 2 . 8 9 )  0 . 9 4 8  ( 0 . 6 6 ,  1 . 2 4 )  < 0 . 0 0 1  + 0 . 3 7  
E x p r e s s i v e  L a n g u a g e  S c a l e d  S c o r e  2 0 9  1 1 . 7 7  ( 2 . 8 )  1 0 . 2 7  ( 2 . 7 9 )  1 . 4 9 6  ( 1 . 1 1 ,  1 . 8 8 )  < 0 . 0 0 1  + 0 . 5 4  
F i n e  M o t o r  S c a l e d  S c o r e  2 3 0  1 1 . 5 0  ( 2 . 3 )  1 0 . 9 3  ( 2 . 5 1 )  0 . 5 6 6  ( 0 . 2 6 ,  0 . 8 7 )  < 0 . 0 0 1  + 0 . 2 4  
G r o s s  M o t o r  S c a l e d  S c o r e  2 1 6  1 0 . 2 5  ( 2 . 5 )  9 . 1 2  ( 2 . 8 3 )  1 . 1 3 0  ( 0 . 7 9 ,  1 . 4 7 )  < 0 . 0 0 1  + 0 . 4 2  
T a ble  4 . 3 :  Me an ,  mea n  d i f f e ren ce ,  p -va lue  an d  C oh en ’s  D  w hen  c om pa ri ng  r e s u l t s  w i t h  BS I D - I I I  UK  n or m at i ve  
d a t a  ( N o t e :  a  f u l l  s e t  o f  U K  n o r m s  f o r  c h i l d r e n  o f  d i f f e r e n t  a g e s  i s  n o t  a v a i l a b l e ) .   




S u b s c a l e  A s s e s s o r  A  
n = 8 4  
A s s e s s o r  B  
n = 1 5 6  
D i f f e r e n c e  B e t w e e n  
A s s e s s o r s  
 M e a n  
( S D )  
M e a n  
D i f f e r e n c e *  
( 9 5 %  C I )  
p - v a l u e  M e a n   
( S D )  
M e a n  
D i f f e r e n c e *  
( 9 5 %  C I )  
p -
v a l u e  
M e a n  
D i f f e r e n c e  
( 9 5 %  C I )  
p - v a l u e  
C o g n i t i v e  1 0 . 7 3   
( 2 . 6 )  
+ 0 . 7 3 5  
( 0 . 1 8 , 1 . 2 9 )  
0 . 0 1 0  9 . 3 3   
( 1 . 6 )  
- 0 . 6 6 9  
( - 0 . 9 3 , - 0 . 4 1 )  
< 0 . 0 0 1  + 1 . 4 0 4  
( 0 . 8 6 7 ,  1 . 9 4 0 )  
< 0 . 0 0 1  
R e c e p t i v e  
C o m m u n i c a t i o n  
1 1 . 6 9   
( 2 . 0 )  
+ 1 . 6 9 1  
( 1 . 2 4 , 2 . 1 4 )  
< 0 . 0 0 1  1 0 . 9 6   
( 2 . 2 )  
+ 0 . 9 6 2  
( 0 . 5 8 , 1 . 3 4 )  
< 0 . 0 0 1  + 0 . 7 2 9  
( 0 . 1 3 2 ,  1 . 3 2 )  
0 . 0 1 7  
E x p r e s s i v e  
C o m m u n i c a t i o n  
1 2 . 2 5   
( 2 . 8 )  
+ 2 . 2 4 7  
( 1 . 6 2 , 2 . 8 7 )  
< 0 . 0 0 1  1 1 . 4 6   
( 2 . 8 )  
+ 1 . 4 6 1  
( 0 . 9 7 , 1 . 9 5 )  
< 0 . 0 0 1  + 0 . 7 8 6  
( - 0 . 0 0 2 ,  1 . 5 7 4 )  
0 . 0 5 0  
F i n e  M o t o r  1 1 . 5 3   
( 2 . 6 )  
+ 1 . 5 3 0  
( 0 . 9 6 , 2 . 1 0 )  
< 0 . 0 0 1  1 1 . 4 8   
( 2 . 2 )  
+ 1 . 4 7 6  
( 1 . 1 2 , 1 . 8 3 )  
< 0 . 0 0 1  + 0 . 0 5 4  
( - 0 . 5 8 1 ,  0 . 6 8 9 )  
0 . 8 7 4  
G r o s s  M o t o r  1 1 . 5 0   
( 3 . 0 )  
+ 1 . 5 0 0  
( 0 . 8 3 , 2 . 1 7 )  
< 0 . 0 0 1  9 . 5 1   
( 1 . 9 )  
- 0 . 4 8 5  
( - 0 . 8 0 , - 0 . 1 7 )  
0 . 0 0 3  1 . 9 8 5  
( 1 . 3 2 8 ,  2 . 6 4 2 )  
< 0 . 0 0 1  
T a ble  4 . 4 :  Co m pa ri so n  o f  b o th  as se s s or s  wi t h  BS I D - I I I  U .S  n o r mat i ve  d a ta  an d  wi th  e ac h  o the r .  * M e a n  
d i f f e r e n c e  o f  e a c h  a s s e s s o r  t o  t h e  U . S .  n o r m s  w h e r e  m e a n  i s  c o m p a r e d  t o  a  t e s t  s c o r e  o f  1 0  ( S D = 3 ) .    
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4 .6  Discuss ion  
In  t h i s  wo rk  we  ha ve  demo n st ra t e d  fu r the r  e v ide nce  o f  r e g io na l  
d i f fe re nce  i n  BS ID -I I I  p e r fo rma nce .  P op u la t i on  d i f fe r ence s  i n  
BS ID - I I I  pe r f o rm ance  ha ve  been  p r e vi ou s l y  re co gn i se d .  Ch i n t a  
e t  a l  com pare d  BS ID -I I I  s c or e s  i n  an  Au s t ra l i a n  p op u la t io n  a t  3  
ye a r s  wi th  t he  o r i g ina l  Ame r i ca n  s t an da r d i sed  n or ms  a nd  fo und  
s i gn i f i ca n t l y  h i gh e r  r e su l t s  i n  t he i r  co ho r t  i n  a l l  s ub te s t s  
e xcep t in g  g r o s s  mot or  s k i l l s  ( 32 8) .  Yu  e t  a l  de sc r ibe d  and  
c ompa re d  p e r f o r manc e  i n  t he  BS ID -I I  a nd  BS ID -I I I  i n  t e rm  and  
p re t e rm  i n fa n t s  i n  a  Ta i wa ne se  po pu la t io n  ( 32 9) .  Th ou gh  they  
d id  n o t  d i rec t l y  c ompa re  BS ID -I I I  w i th  t he  s t an da rd i se d  no rms  
a nd  t he i r  t e rm  gro up  w as  s ma l l e r  i n  s i ze ,  t he i r  r e su l t s  s ho w a  
t r en d  to  l ow er  l a n gua ge  c om po si t e  sc ore s  ( e s pec i a l l y  i n  yo u n ge r  
a ge  g ro up s )  a nd  h i ghe r  mo tor  co mp o si t e  sc ore s .  C rom we l l  e t  a l  
d emo n st ra t ed  t he  va r i a t i on  i n  t h e  sc ore s  o f  Ma la wia n  ch i l d ren  
c ompa re d  to  U S nor m s  th ro u ghou t  de ve l opme nt  f r om  1 0  week s  o f  
l i f e  t o  3 0  m ont h s  o f  a ge  f in d in g  s i gn i f i c an t  d i f f e re nce s  (3 30 ) .  In  
E ur ope ,  Dan i s h  i n fa n t s  i n  t h e  f i r s t  ye a r  o f  l i f e  s ho wed  
d i f fe re nce s  f ro m  U . S.  no rm s  pa r t i c u l a r l y  i n  rece p t i ve  l a n gua ge  
w he re  sc ore s  we re  s i gn i f i can t l y  l o we r  a t  a l l  t ime -p o in t s  
p o s t u l a t e d  to  be  a t t r i bu ta b le  t o  d i f fe re nce s  i n  l a n gua ge  d i f f i c u l ty  
( 33 2) .  Re cen t l y  a  com pr ehe n s i ve  c ompa r i so n  o f  ne wl y d e ve lo ped  
D u tch  no rma t i ve  da t a ,  us in g  th e  ad ap te d  Ba yl e y- I I I -N L t e s t ,  
w i t h  U S  no rm s  b y S t ee n i s  e t  a l  a l s o  h i gh l i gh te d  the  c l i n i ca l ly  
r e l e van t  d i f fe re nce s  ac ro s s  a ge  g r o up s  ( 33 1) .   
E ven  w i th i n  t he  re l a t i ve l y  s ma l l  ge o grap h ic  re g io n  o f  t he  U .K 
a nd  I r e l an d  t he r e  a re  va r i a t i o n s  i n  pe r fo rma nce .  Th e  Ba yle y- I I I  
U K a nd  I re l a nd  Su pp leme nt  r ep or t ed  a  sampl e  o f  2 21  c h i ld ren  
a ged  a ro un d  12  an d  2 4  m on th s  a nd  f ou nd  h i ghe r  mea n s  i n  
c o gn i t i ve  an d  f i ne  m oto r  s ub te s t s  o f  t he  BS ID -I I I  w h i l e  g ro ss  
m oto r  s co re s  we re  lo we r  t han  t he  U. S  f i nd in gs  (3 33 ) .  An  
u n pu bl i she d  rep or t  f ro m Que en’ s  Un i ve r s i t y  Be l fa s t  l o oke d  a t  
BS ID - I I I  pe r f o rm ance  in  nea r ly  6 5 0  c h i l d re n  b e t ween  2  a nd  3  
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ye a r s  o ld  f r om  ac ro s s  N or t he r n  I re l a nd  an d  f ou nd  a  s imi l a r  
p ro f i l e  o f  va r i a t i on s  t ho u gh  qu i t e  s i gn i f i can t  i nc rea se s  i n  
l a n gua ge  a nd  f ine  mo to r  sk i l l s ,  pa r t i c u l a r l y  rec ep t i ve  l an gu a ge  
( 33 4) .  In t e re s t in g l y  a l l  3  i n ves t iga t io n s  i n  t h i s  r e g i on  h a ve  so me  
s imi l a r i t i e s .  T he y a l l  fo un d  f ine  m ot or  s k i l l s  i n  p a r t i cu l a r  t o  be  
i nc re as ed  in  a  2  ye a r  o l d  po pu la t io n  c om pare d  to  t h e  U. S  a nd  
b o t h  s tu d ie s  f r om  t he  i s l an d  o f  I r e l an d  fo un d  l a n gua ge  t o  be  
s i gn i f i ca n t l y  i nc rea se d .  Ho we ve r  rec ep t i ve  l a n gua ge  ha d  t he  
g r ea t e s t  i nc rea se  i n  No r the rn  I re l a nd  w hi l e  e xp re s s i ve  l an gua ge  
s h o wed  a  mo re  p ro no unce d  in c rea se  i n  ou r  w or k  in  which  
c h i ld re n  f rom  t he  m os t  s ou the rn  p r o v ince  in  I re l a nd  we re  t e s t e d  
( 33 4) .  
T h i s  s u gge s t io n  o f  r e gi ona l  d i f fe re nce s  i n  t he  
n eu ro de ve lo pmen ta l  t r a j ec t o r i e s  o f  i n fa n t s  a nd  t od d le r s  makes  
c l i n i ca l  i n t e rp re t a t i on  o f  BS ID -I I I  r e s u l t s  on  a  ca se  b y ca se  ba s i s  
m ore  d i f f i c u l t  wi th ou t  be i n g  a b le  t o  r e fe r  t o  co n tem po ra ry  
r e gi ona l  no rma t i ve  da t a .   
T wo  ye a r s  o f  l i f e  i s  a  c omm on  t ime -p o i n t  f o r  f o l l ow -u p  o f  h i gh-
r i sk  g r ou p s  f o r  c l i n i ca l  an d  re sea rch  p ur po se s  (8 )  a nd  a t  t h i s  a ge  
o ur  he a l th y  c omp ar i s on  co hor t  h a s  sh ow n  d i f fe r in g  p e r fo r mance  
i n  l an gua ge  an d  f i ne  mot or  sk i l l s  wi t h  sma l l  t o  me diu m  e f f ect  
s i ze s .  Th i s  ma y b e  a f fe c t ed  b y f ac to r s  u n iq ue  to  ou r  g ro up .  O ur  
b i r t h  c oh or t  i s  mad e  u p  o f  a  p o pu la t io n  wi th  h i gh l y  e duca ted  
m othe r s .  Th i s  m a y i n f lue nce  neu ro de ve lo pmen ta l  ou tc omes ,  
t ho u gh  t he  re l a t i on sh ip  i s  kn o wn  t o  be  q u i t e  co mple x  ( 33 8) .  T h i s  
d oe s  h o we ve r  re f l ec t  t he  ge ne ra l  I r i sh  po pu l a t io n  whe re  6 2%  of  
w o men  wi l l  a t t en d  some  fo rm  of  t e r t i a r y  e d uca t i on  (3 39 )  l i ke ly  
r e l a t e d  to  h i gh  s t a t e - l e ve l  fun d i n g  a nd  su pp or t .  Th e re fo re ,  
w i t h in  the  Re pu bl i c  o f  I r e l a nd ,  wi de sp rea d  h i ghe r  ed uca t i on  i s  
n o t  pa r t i c u l a r l y  exc ep t i on a l .  O ur  co ho r t  w e re  a l so  h i gh l y  
m ot i va t ed  to  pa r t i c i pa t e  i n  r e sea rch  an d  to  a t t e nd  m ul t i p l e  
f o l l o w -up  ap po i n tme nt s  o ve r  s eve ra l  ye a r s .  I t  i s  l i ke l y  t ha t  t he re  
i s  an  e l eme nt  o f  vo l un t ee r  b i a s  i n  t he  da t a  o f  pa r t i c ip an t s .   
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T he  d i f fe r in g  re s u l t s  f r om  d i s pa ra t e  ge o grap h ica l  r e g io ns ,  e ven  
w i t h in  E ur ope ,  m a y re pre se n t  c u l tu ra l  d i f f e re nce s  i n  pa ren t ing  
b eha v io ur s  a s  we l l  a s  e n vi ro nmen ta l  im pac t s  o n  o pp or t un i t i e s  f o r  
l e a rn in g  an d  de ve lo pme nt .  I r e l an d  a s  an  i s l an d  na t i on  a nd  s haped  
b y i t s  c l ima te  a nd  h i s t o r y  m ay,  o ve r  ma n y ge ne ra t io n s ,  ha ve  
p ro mote d  i nd oo r  a c t i v i t i e s ,  i n t e rpe r so na l  c omm uni ca t io n  in  a l l  
i t s  f o rm s ,  c ra f t s  a nd  a r t  t o  i t s  c h i ld re n  wh ich  ma y ac co un t  f o r  
p a r t i cu l a r  s k i l l s  i n  t he se  a re a s .  Ho w e ve r ,  i t  mu s t  b e  remem bered  
t ha t  w e  ha ve  ca p tu re d  on l y a  s in g le  t ime -p o in t ,  t h ou gh  a  
c l i n i ca l l y  ve r y  r e l e van t  one ,  i n  t he  t r a j ec to r y  o f  ea r l y  c h i ld  
d e ve l op ment  i n  I re l an d  an d  t he  r e s u l t s  p r o f i l e  an d  p a t t e rn  ma y in  
f ac t  l o ok  ve r y  d i f fe ren t  a t  a no t he r  a ge .  The re f o r e  f u r the r  
n or ma t i ve  d a t a  f ro m th ro u gho ut  t he  i n f an t  an d  to dd le r  pe r iod  
w o ul d  be  us e f u l  t o  a s s i s t  i n t e r p re t a t io n .   
An o t he r  po s s ib l e  ex p lan a t io n  o f  t he  re s u l t s  i s  t he  po t en t i a l  
e f fec t  o f  t he  m ixe d  n orm s  u sed  i n  s t an da r d i sa t i on  o f  t he  BS ID -
I I I  i . e .  t h e  i nc l us io n  o f  ch i l d r en  a t  r i s k  o f  de ve l opm enta l  d e l ay.  
Wh i l e  we  w ere  un ab le  t o  i nc lud e  a n  ex ac t l y  co mpa rab le  g ro up  
w e  d i d  o f fe r  ana l ys i s  on  a  c oh or t  t ha t  i nc lu ded  1 2 . 3%  of  ch i ld ren  
w h o  ha d  been  i den t i f i ed  a s  a t - r i sk  ba sed  o n  sc ree n ing  
q ue s t i on na i re s  c omp le t ed  b y t he  ca re g i ve r .  When  t he  sc ore s  o f  
t h i s  mi xed  c oh or t  we re  com pared  w i th  U . S .  no rm s,  l an gua ge  a nd  
f ine  m oto r  s k i l l s  r e ma ine d  s i gn i f i can t l y  h i gh e r .  T h i s  i s  
s u pp or t ed  b y t he  Dutc h  da t a  by S t ee n i s  e t  a l  (3 31 ) ,  whi ch  d id  
i nc lu de  a  r ep re sen ta t i ve  sam ple  f r om  s pec i a l  g r ou p  s t ud ie s ,  a nd  
d emo n st ra t ed  t ha t  r e g io na l  d i f fe renc es  ca n  pe r s i s t  de sp i t e  t h i s  
c on s i de ra t io n .   
T he  i n f l uen ce  o f  t he  Fl yn n  e f fec t ,  t he  o b se r ve d  r i se  i n  IQ  sco re s  
w i t h  t ime ,  ha s  bee n  p ro po se d  to  acc ou n t  f o r  s ome  o f  t he  sc ore  
i n f l a t i o n  see n  in  s ome  s t ud ie s .  The  Fl yn n  e f f ec t  i s  gene ra l ly  
c on s i de re d  to  c or re sp on d  t o  a  r i se  i n  s t a nd a rd  sc ore  p o i n t s  o f  3  
p e r  dec ade  ( 34 0) .  A t ec hn i ca l  r ep or t  on  t he  BS ID -I I I  r e bu t s  t he se  
s u gge s t io n s  a s  t he  Ba yle y  s c a l e s  a re  de ve l opm enta l  a s se s smen t  
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r a the r  t ha n  an  in t e l l i gence  me as u re  the  Fl yn n  e f fec t  m a y n o t  be  
a pp l i cab l e  (3 41) .  The  BS ID -I I I  n or ma t i ve  da t a  de r i ves  f rom  
c h i ld re n  t e s t ed  i n  20 04  a nd  ou r  co ho r t  wa s  t e s t ed  f r om 20 11  to  
2 0 13 ,  wh ich  wo uld  a l l o w a  Fl yn n  e f fec t  o f  2 . 1 ,  f o r  t h o se  i n  t he  
f i r s t  ye a r  o f  t e s t i n g ,  t o  2 . 7  f o r  t ho se  i n  t he  l a s t  ye a r  o f  t e s t i n g .  
T h i s  c ou l d  a cco un t  pa r t i a l l y  b u t  no t  c omp le t e l y f o r  t he  i nc rea ses  
w e  ha ve  de sc r ibe d  a nd  the  va r i a t i o ns  mi gh t  be  e xpe c ted  to  be  
m ore  eq u i va l e n t  ac ro s s  s ub te s t s . ( 34 2) .   
Wh a te ve r  t he  rea s on  f o r  t he s e  d i f f e re nce s  i n  sco re s ,  t he i r  
e x i s t en ce  c rea t e s  co ns ide rab le  d i f f i cu l t y  f o r  c l i n i ca l  
i n t e r p r e t a t i on  a nd  f o r  t he i r  ap p l i c a t io n  in  re sea r ch .  In  a n  I r i sh  
p o pu la t io n  i t  a ppea r s  we  ma y be  a t  r i sk  o f  un de re s t ima t i ng  
d e ve l op ment a l  de l a y i f  r e l yi n g  on  U . S  s t a nda rd i s ed  sc ore s .  O f  
c ou rs e  t h i s  ne ed s  t o  be  in t e rp re t e d  in  t he  l i gh t  o f  d i f fe ren t  
s am pl in g  f rame wo rk s  us ed  f o r  U . S .  a nd  I r i s h  da t a  c o l l ec t ion .  
Id ea l l y  t o  s up po r t  t h i s  w e  co u l d  go  o n  to  a s se s s  t he  c l i n i ca l  
n eed s  o f  an  I r i sh  po pu la t io n  in  t he se  a re a s  o r  a t t e mpt  t o  
c or ro bo ra t e  wi t h  l a t e r  p e r fo rman ce  b u t  t h i s  i s  b e yo n d  the  s co pe  
o f  t h e  cu r re n t  s tu d y.  Re g io na l  r e s t an da r d i sa t i on  o f  t h e  Ba yl ey  
a s se s smen t  ma y be  nece s sa r y  t o  re l i ab l y  i n t e r p r e t  a  c h i ld ’ s  
s co re s  i n  a  c l i n i ca l  co n tex t .  Whi l e  t h i s  i s  un l i ke l y  t o  b e  f ea s ib l e  
f o r  man y j u r i s d i c t i on s ,  t he  ap p l i ca t io n  o f  a l t e rna t i ve  cu t -o f f s  fo r  
c ha ra c t e r i s i n g  de ve lo pmen ta l  de l a y o n  a  r e gi ona l  ba s i s  ma y be  
n eede d .  Ho w e ve r  t h i s  s t i l l  r equ i re s  a  l e ve l  o f  l oca l  n orma t i ve  
d a t a  t ha t  ca n  be  d i f f i c u l t  an d  c os t l y  t o  c o l l e c t .   
In  r e sea r ch ,  t h i s  w or k  h i gh l i gh t s  t h e  va lue  an d  im po r t anc e  o f  
h a vi n g  a  c on te mp ora r y  c om par i s o n  g r ou p  in  l o n g i tu d in a l  s tu d ie s  
s u b jec t ed  to  i de n t i ca l  ne ur ode ve l opm enta l  o u tc ome  me as ur e s  a s  
ca se  g ro up  pa r t i c i pa n t s .  The  va r i a t i on s  be t wee n  the  t wo  
a s se s so rs  f ou nd  in  t h i s  wo rk  f u r the r  r e in fo rce s  t h i s  nee d .  Li t t le  
i s  k no wn  a bo u t  t he  in t e r - ra t e r  va r i a b i l i t y  o f  t he  BS ID -I I I .  O ne  
I t a l i a n  s t ud y s h o w n  h i gh  co r re l a t i on  be t ween  t w o  a s se s so r s ,  b u t  
w h i l e  sco r in g  w a s  pe r f o rm ed  i nde pen de n t l y,  ad min i s t ra t i on  
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d epe nde d  on  eac h  o t he r .  (3 43 )  D i f fe re nce s  ma y a r i s e  de sp i te  
e qu i va l e n t  t r a i n in g  a nd  t e s t  ad min i s t ra t i on  d ue  the  na t u re  o f  
p s yc h omet r i c  t e s t i n g .  Whi l e  neu ro de ve lo pme nta l  a s se s sme nt  o f  
a l l  c on temp ora r y  c on t ro l  po pu la t i on s  a dd s  co s t  a nd  bur de n  to  
r e s ea rc he r s  i t  i s  nece s sa r y  to  ens u re  mean in gf u l  i n t e rp re t a t io n  o f  
r e s u l t s .  
T he  s t r e n g th s  o f  t h i s  s t ud y i n c l ude  t he  c ompa ra b le  n umb er s  o f  
c h i ld re n  t e s t e d  i n  t h i s  a ge  g r oup  to  t h o se  o f  t he  same  a ge  t e s t ed  
i n  t he  U. S .  no rma t i ve  d a t a  a s  w e l l  a s  t he  p ro s pec t i ve  and  
me t i cu l ou s  da t a  co l l e c t i on  wi th in  t h i s  b i r th  c oh or t  s t ud y t ha t  
a l l o wed  t he  i den t i f i c a t io n  o f  t ho se  w i th  a  l o w -r i sk  ne ona t a l  
c ou rs e .   
T he  l im i t a t i on s  i nc l ude  tha t  t he se  re su l t s  a re  ba sed  o n  a  
c on ven i ence  samp le  o f  I r i s h  c h i l d re n  t ha t  wa s  n o t  de s i gned  f rom  
t he  o u t se t  t o  p r o vi de  a  r ep re se n ta t i ve  sam ple  o f  t he  I r i sh  
p o pu la t io n .  We  a re  a l so  una b le  t o  p r o vi de  a  c ompa rab le  s ample  
f ro m  sp ec i a l  g ro up  s tu d ie s  t o  s tu d y t he  e f fe c t  t h i s  w oul d  ha ve  on  
o ur  r e su l t s .  I t  i s  a l so  be yo n d  t he  sc ope  o f  t h i s  s tu d y t o  e xami ne  
h o w re su l t s  m i gh t  va r y w i th  a ge  in  a  s imi l a r  p op u la t i on .  Fi n a l ly  
t he  re s u l t s  a re  ba se d  o n  the  wo rk  o f  tw o  a s se ss or s  w ho  
p e r fo rmed  a s se s sme nt s  i n  t wo  d i f fe ren t  s i ze  g ro up s  du r ing  
o ve r l ap p i n g  b u t  s l i gh t l y  d i f f e ren t  t ime  f rame s .  Rea s s ur i n gl y  b o th  
a s se s so rs  sc ore d  m o st  ch i ld r en  in  t he  no rma l  r an ge .  Fo r  r e sea r ch ,  
s t ud ie s  i n vo l vi n g  m ore  th an  o ne  a s se ss or  wo uld  i dea l l y  a t t emp t  
t o  ne ga te  a s se s so r -ba sed  d i f f e re nce s  i n  t e s t i n g  a nd  sco r in g  by  
u s in g  a  me th od  s im i l a r  t o  Der oma  e t  a l  o r  t o  u se  v ide o - rec or d in g  





4 .7  Conclus ion  
In  co nc l u s io n ,  t h i s  s t ud y h a s  sh o wn  h i ghe r  sc ore s  i n  La n gu a ge  
a nd  Fi ne  Mot or  sk i l l s  i n  a  c oh or t  o f  I r i sh  2 -ye a r -o l d s  c omp ared  
t o  U . S .  no rma t i ve  da t a .  T h i s  ad d s  t o  t he  e v ide nce  o f  r e gi ona l  
va r i a t i o n  in  BS ID -I I I  s c o re s  and  su gge s t s  t he  nee d  fo r  a l t e rna t e  
c u t -o f f s  on  a  r e gi ona l  ba s i s  f o r  t he  c l i n i ca l  i n t e rp re t a t i on  o f  a  
c h i ld ’ s  r e s u l t s  a nd  e mp has i se s  t he  im po r t an ce  o f  co n tem po ra ry  
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Wh en  we  c on s i de r  t he  s pec i f i c  de f i c i t s  n ow  u nd e r s t oo d  t o  be  pa r t  
o f  t he  co gn i t i ve  de ve lo pme nt  o f  h i gh  r i s k  in fan t s ,  an d  th e  
i nhe ren t  cha l l en ge s  in  a s se s s i ng  the  p re - s ch oo l  a ge  g r ou p ,  i t  i s  
c l e a r  t ha t  a  n o ve l ,  e a r l y and  re l i a b l e  a s se s smen t  t o o l  f o r  
c o gn i t i ve  ab i l i t y  w o uld  b en e f i t  bo t h  ide n t i f i ca t i on  o f  
d e ve l op ment a l  d i f f i c u l t i e s  an d  ea r l y i n t e r ven t io n  p l a nn i n g .  
In  t h i s  c hap te r ,  I  wi l l  e xp la in  th e  ra t i o na le  fo r  t he  de ve lo pme nt  
o f  a  t ouc h -sc reen  c o gn i t i ve  a s se s sme nt  f o r  t od d le r s  pa r t i cu l a r ly  
f o l l o win g  pe r ina t a l  a s ph yx ia  a nd  des c r i be  f i nd i n gs  o f  a  pa ren ta l  
q ue s t i on na i re  i n to  t ouc h -sc reen  u sa ge  i n  t o dd l e r s .  The  re su l t s  o f  
t h i s  que s t io nna i re  p o in t  t o  t he  fea s i b i l i t y  o f  t e s t i n g  t od d le r s  
u s in g  a  t o uch - s c r een  p l a t f o rm .   
 
5 .1  Background 
I t  i s  a l mo st  u n i ve r sa l l y  acce p te d  tha t  i n  c l i n i ca l  p rac t i ce  no  
s i n gle  a s se ss ment  t oo l  i s  s u i t ab l e  fo r  a l l  s i t ua t i on s  ( 8 ,  3 44 ) .  
M u l t ip l e  f a c to r s  mu st  be  co n s i de re d  i n  de t e rmi n i n g t h e  
a pp ro pr i a t e  c ho ic e  ( 34 5 ,  3 46 ) .  Fo r  i nc l us io n  i n  c l i n i ca l  o r  
r e s ea rc h  fo l l o w -up ,  a n  a s se s sme nt  t oo l  mu s t  be  ap pr op r i a t e  t o  
t he  a ge  o f  t h e  c oh or t  i n  t e rm s  o f  b o th  a dmin i s t ra t i on  a nd  
s t a nda rd i sa t io n .  T he  to o l  s ho u ld  be  acce p tab le  ac r o ss  t he  gi ven  
a ge - ran ge  o f  c h i ld re n  be in g  a ss e s sed  an d  capa b le  o f  s ho wi ng  
d i f fe re nce s  i n  ab i l i t i e s .  As  d i sc u sse d  in  C hap te r  fo ur ,  t he  
p o pu la t io n  u se d  t o  s t a nda rd i se  a  t e s t  c a n  h a ve  ma jo r  bea r in g  on  
t he  va l id i t y  o f  i t s  a pp l i ca t i on  in  a  d i f fe ren t  co ho r t .  Age  p r of i l e ,  
ge o gra ph i c  a rea ,  c u l tu ra l  a pp ro pr i a t ene s s  an d  l e a r n ing  
o p por tu n i t i e s  can  a f fec t  t he  r ep re sen t a t i ve ne s s  o f  no rma t i ve  
r an ge s  (3 28 ) .  Wi th ou t  a ppr op r i a t e  no rma t i ve  d a t a  a ny  
c ompa r i so n  wi t h  a  no ve l  co ho r t  w oul d  be  l e s s  ro bu s t .  Or t on  e t  
a l ,  20 15 ,  fo un d  a  34 % d i sc r ep anc y w h en  c ompa r in g  ra t e s  o f  
d e l a y a ga in s t  a  l oca l  n orm a t i ve  c oh or t  r a t he r  t ha n  t he  U. S .  da ta  
u s in g  t he  BS ID -I I I  ( 3 47 ) .   
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P s yc h o met r i c  co ns ide ra t i on s  a re  ke y t o  a s se s s ment  c ho ice  b ut  
a l s o  t o  re su l t  i n t e rp re t a t i on .  Al yw ar d ,  20 09 ,  de sc r i bed  
d e ve l op ment a l  t e s t i n g  a s  a  “m ovi n g  t a r ge t ”  due  to  t he  in f l uence  
o f  t he  Fl yn n  e f fe c t  o ve r  t ime  an d  repe a t ed  re - s t an da rd i sa t io n  o f  
t e s t s  ( 34 5) .  Ot he r  p s yc hom et r i c  f ac to r s  t o  be  t a ken  i n to  acc ou nt  
i nc lu de  t e s t  r e l i ab i l i t y;  t he  ex t en t  t o  w hic h  a  t e s t  yi e l ds  t he  s ame  
r e s u l t s  whe n  admi n i s t e red  r epea t ed l y ,  an d  t e s t  va l id i t y;  t he  
e x t en t  t o  w hich  a  t e s t  mea s ure s  wha t  i t  p ur po r t s  t o  mea su re .  
T he se  a re  s umma r i sed  b y J oh n son  a nd  M ar l o w,  2 00 6  (3 48 ) .    
In  t he  lo n gi tu d ina l  f o l l o w -up  o f  a t  r i sk  in fan t s ,  i t  i s  n ece s sa r y to  
acc ou n t  fo r  t he  s pec i f i c  ae t i o l og y o f  t he  pa th o lo gy t h a t  pu t s  t h i s  
c h i ld  a t  r i sk .  Fi r s t  o f  a l l ,  i t  i s  im po r t a n t  t o  d i s t i n gu i s h  be tw een  
d e ve l op ment a l  d i s o r de rs  an d  acq u i red  b ra in  in j u r y ( 2 04 ) .  Br a in  
i n ju r i e s  t ha t  a re  acq u i red  i n  c h i l dh oo d  s uch  a s  s t r oke ,  ne op la sm 
o r  ce r eb ra l  i n fec t i on  wi l l  a f fec t  t he  de ve lo pme n ta l  t r a j ec to r y o f  
a  c h i l d  i n  a  d i f f e re n t  ma nne r  t o  a  de ve l opme nta l  d i so rd e r  
s ec on da r y t o  a  gene t i c  ab no rma l i t y  o r  ea r l y b ra i n  ma l f o r ma t i on .  
Br a i n  de ve lo pme nt  i s  a  d yn amic  p roce s s  i n  t h e  po s t na t a l  pe r i od  
u p  t o  a do le sc ence  (3 49 ,  35 0) .  T h i s  a l l o w s  t ime  f o r  b ra in  
p l a s t i c i t y  t o  ac t  t o  r e d i s t r i bu te  o r  p re se r ve  fu nc t i on  i n  ca se s  o f  
m ore  f oca l  ac qu i red  b ra i n  in j u r y.  I t  ha s  l o n g  bee n  kn o wn  t hat  
c h i ld re n  w i th  a n  ea r l y l oca l i se d  i n ju r y h a ve  l e s s  se ve re  o u tco mes  
t han  ad u l t s  wi th  c ompa ra b le  l e s i on s  (3 51 ,  35 2) .  Th i s  i s  no t  t he  
ca se  fo r  d e ve l op ment a l  d i s o r de rs  whe re  dama ge  re s u l t s  f r om i n -
b u i l t  e r r o r s  i n  b ra in  fo rma t i on  f rom  t he  o u t se t .  At  t h i s  ea r ly  
s t a ge  neu ro ge ne s i s  i t se l f  i s  l i ke l y t o  be  d i s ru p te d ,  n o t  j u s t  t he  
l a t e r  s yn a p to gene s i s  a nd  s yn a p t i c  p r un in g  ( 21 3) .  I f  we  a re  t o  
c on s i de r  a  neu roc on s t ru c t i v i s t  t heo r y o f  c o gn i t i ve  de ve l opmen t  
w e  co u ld  a s sume  t ha t  t he  ea r l i e r  t he  de v ia t i on  a wa y f rom  t he  
t yp ic a l  t r a j ec t o r y t he  m ore  va r i ed  an d  in s id i ou s  t he  re su l t an t  
d e ve l op ment a l  p ro f i l e  ( 35 3) .  P e r ina t a l  a sp h yx ia ,  w hi l e  a n 
ac qu i re d  i n ju r y,  doe s ,  h o we ve r ,  see m t o  h a ve  mo re  i n  c omm on 
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w i t h  de ve l opm enta l  d i s o r de r s ,  l i k e l y du e  to  t he  t imi n g o f  i n j u r y .  
T h i s  ha s  im po r t a n t  impl i ca t i on s  f o r  p ro gn o s i s  a nd  t he ra p y ( 20 4) .   
T he  ae t i o l o gy o f  t h e  in ju r y wi l l  a l s o  gu i de  t e s t  c ho i ce  ba se d  on  
w ha t  i s  kn ow n a bo u t  ou tc ome  in  t ha t  pa r t i c u l a r  c on d i t i on .  Te s t  
c ho ic e  wi l l  ha ve  t o  f i t  t he  p re d ic t e d  de f i c i t  t ha t  need s  to  be  
e xc lu de d  o r  i nc l ude d .  C on di t i o n s  t ha t  h a ve  im pl i ca t io n s  f o r  
o the r  f ac e t s  o f  de ve lo pme nt  s uch  a s  l an gua ge  an d  mo to r  fu nc t i on  
w i l l  a l s o  a f fec t  ho w  p rac t i c a l ly  t h e  c o gn i t i ve  d oma i n  can  be  
a s se s sed .   
I t  i s  a l so  v i t a l  t o  c on s i de r  wh y  a  t e s t  i s  be in g  pe r fo rmed .  M o st  
t e s t s  wi l l  t e l l  yo u  ve r y l i t t l e  i n  i s o l a t i on  a nd  f o r  c l i n i ca l  
p ur po se s  t he re  ca n  be  m or e  va l ue  i n  a  t e s t  i f  i t  i s  r e pea t e d  o ve r  a  
t i me  pe r io d  t o  e s t ab l i sh  a  t r a j ec t o r y ( 20 4) .  I f  a  t e s t  i s  be i ng  
p e r fo rmed  f o r  p ro gn os t i ca t i on ,  t h e  p re d ic t i ve  va l i d i t y  o f  t he  t e st  
m u s t  be  kn ow n  an d  a ppr op r i a t e  fo r  p ur po se .  A t e s t  t ha t  i s  
p re d ic t i ve  f o r  IQ  mi gh t  n o t  be  a b l e  t o  g i ve  yo u  i n f o rm a t io n  on  
h o w t he  ch i ld  wi l l  pe r f o rm a t  s ch oo l  a s  IQ ha s  bee n  sh o wn to  
h a ve  p oo r  co r r e l a t i on  w i th  academi c  suc ce ss  o r  j ob  pe r f o rma nce  
( 18 0 ,  35 4) .  I t  i s  a l s o  im po r t an t  t o  r em embe r  th a t  o t he r  f ac t o r s  
i nc lu d i n g  pe r s ona l i t y  t r a i t s  su ch  a s  co ns c i en t io u sn e s s  ma y h a ve  
a  mo re  s i gn i f i can t  i n f l uen ce  on  ac ademi c  pe r fo rma nce  tha n  IQ 
( 35 5) .  
 
5 . 1 . 1  P er ina t a l  Bra in  In ju r y an d  Co gni t i ve  O utc ome  
U p  un t i l  r ece n t l y c o gn i t i ve  ou tcom es  a f t e r  ne ona ta l  
e ncep ha l opa t h y w er e  c on s i de r ed  o n l y to  o ccu r  i n  t he  co n te x t  o f  
a n  a s soc i a t ed  mot or  de f i c i t ,  ho we ve r ,  t he re  i s  no w m ou nt i ng  
e v ide nce  t ha t  t h i s  i s  n o t  t he  ca se  (2 60 ,  3 56 ) .  Se ve ra l  s t ud ie s  
i n vo l v in g  l on ge r  t e rm  f o l l ow -up  ha ve  a l so  re vea l e d  m ore  su b t l e  
c o gn i t i ve ,  beha v i ou ra l  a nd  in t e l l ec tua l  de f i c i t s  t ha t  we re  
p re v io u s l y u nre co gn i se d .  In  200 8 ,  Li n d s t rom  e t  a l .  p ub l i she d  a  
f o l l o w -up  s t ud y o f  1 5 -19  ye a r  o ld s  wh o  h ad  su f f e re d  mo de r a te  
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e ncep ha l opa t h y i n  t he  ne ona t a l  pe r io d  w hich  sh o wed  th a t  81% 
s u f fe re d  co gn i t i ve  e f fec t s  wi t h  a nd  wi t ho u t  C P ( 9 ) .   Ma r lo w e t  
a l .  fo l lo we d -up  a  co ho r t  o f  c h i l d re n  wi th  mo de ra t e  an d  se ve re  
e ncep ha l opa t h y t o  se ven  yea rs  o ld .  In  su r vi vo r s  o f  se ve re  
e ncep ha l opa t h y w i th ou t  m oto r  d i sab i l i t y ,  sc or e s  i n  mu l t ip le  
c o gn i t i ve  d oma i n s  we re  s i gn i f i ca n t l y d ec rea se d  com par ed  wi th  
p ee r s .  In  t he  mo de ra t e  ence pha l opa th y g r o u p ,  ce r t a in  dom a ins  
i nc lu d i n g l an gua ge ,  se n so r im oto r ,  na r ra t i ve  m emo r y and  
s en tenc e  rep e t i t i on  wer e  a l s o  s i gn i f i ca n t l y b e l ow  pee rs .  
Fu n c t i ona l l y bo th  g r ou p s  were  fo un d  to  ha ve  m ore  f re qu en t  
s pe c i a l  e du ca t i on  nee ds  wi th  l o wer  ach ie veme nt  on  na t io nal  
c u r r i cu l um  a t t a i nme nt  t a r ge t s  ( 4 ) .  Pa r t i c ipa n t s  i n  t he  N IC HD  
h yp o t he rm ia  t r i a l  we re  f ou nd ,  a t  s ix  t o  se ve n  ye a r s ,  t o  h a ve  IQ  
s co re s  mo re  t han  o ne  s t a nda rd  de v ia t i on  b e lo w  th e  mean  in  
a ro un d  4 0% of  c h i l d re n  wi t ho u t  C P.  In t e re s t i n gl y,  20 % of  
c h i ld re n  wi t h  a  n orma l  IQ  a nd  28 %  o f  t h os e  wi t h  IQ  s co re s  o f  70  
t o  8 4  ha d  rece i ve d  spec i a l  ed uca t i on a l  su pp or t  o r  had  been  he ld  
b ack  a t  sc ho o l  ( 10 ) .  Aga i n  t h i s  e mp ha s i se s  ho w d i sco nn ec ted  
f un c t io na l  aca demic  pe r f o r mance  can  b e  f r om IQ  sc ore s .  T h i s  i s  
l i ke l y d ue  t o  de f i c i t s  i n  spe c i f i c  co gn i t i ve  ab i l i t i e s ,  r a t he r  t h an  
ge ne ra l  ab i l i t i e s ,  a f fec t in g  l e a r n i n g  nee d s .   
U n do ub ted l y,  i n  t he  pa s t ,  t he  mo re  s e r i ou s  p o ten t i a l  o u tco me s  o f  
d ea th  a nd  ma j or  d i sa b i l i t y  f rom  h yp o xi c - i sc haemic  i n ju r y w er e  
t he  p r ima r y f ocu s  o f  co nce rn  a nd  a  ch i ld  su r v i vi n g  r e l a t i ve ly  
i n t ac t  w as ,  un de r s t an dab l y,  s ee n  a s  a  p o s i t i ve  ou tc ome .  
Ho w e ve r ,  t he  a d ve n t  o f  t he r ape u t i c  h yp o the rmia  ha s  had  
c on s i de ra b le  im pac t  o n  i mpr o v in g  ra t e s  o f  ma jo r  d i sa b i l i t y  ( 3 ,  
1 2 6) .  T h i s  ha s  b roa dene d  in t e re s t  i n to  t he  mo re  s ub t le  
im pa i rmen t s  w hich  no ne the l e ss  ca n  ha ve  an  e f fec t  on  t he  ch i l d ’ s  
aca demic  a t t a inme nt ,  wo rk i n g  l i f e  a nd  e ve n  soc i a l  i nde pe nde nce .  
Azzo p a rd i  e t  a l .  2 01 4 ,  i nc l ude d  m ul t i p l e  ps yc h ome t r i c  
a s se s smen t s  i n  t he  f o l lo w -u p  o f  a  s ix  t o  se ven  ye a r  o ld  
p o pu la t io n  o f  ch i ld ren  wi t h  m od e ra t e  t o  se ve r e  e nce pha l opa thy  
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w h o  wer e  ra nd omi se d  be twe en  c oo l i n g  an d  n on -co o l i n g g r ou p s .  
Ho w e ve r ,  t h e y d id  no t  sh o w  s i gn i f i c an t  d i f fe r ence s  i n  t he  re su l t s  
o f  mo s t  o f  t h e se  a s se ss ment s  be t wee n  the  c oo led  a nd  n on -c oo led  
c h i ld re n  (3 ) .  The  im pac t  a nd  mec ha n i sm  o f  h yp o x ic - i sch aemic  
i n ju r y on  the  co gn i t i ve  de ve lo pme nt  o f  t he  de ve lo p in g  b ra i n  i s  
s t i l l  po or l y u n de r s to od .  I t  i s  e ven  l e s s  c l ea r  ho w  t he ra pe u t ic  
h yp o t he rm ia  i n t e rac t s  wi th  t h i s  p ro ce ss  a nd  w ha t  e f fec t  i t  ha s .   
O t he r  h i gh - r i sk  g ro up s  ha ve  a l s o  been  fo un d  to  ha ve  s pec i f ic  
p a t t e rn s  o f  co gn i t i ve  de f i c i t  an d  l e a r n in g  d i f f i cu l t i e s .  
P re ma tu r i t y  a p pea r s  t o  ha ve  a n  e f fec t  no t  on l y o n  o ve ra l l  IQ  b u t  
m ore  spe c i f i c a l l y  o n  se l ec t i ve  an d  s u s t a i ned  a t t en t i on ,  and  
s h i f t / i n h ib i t i o n  s k i l l s  (3 57 ) .  M u lde r  a t  a l .  20 10 ,  p ub l i s hed  
f in d in gs  o f  a  fo l lo w -u p  o f  p rema t ur e  i n fa n t s  a t  9 -10  ye a r s  t ha t  
s h o wed  tha t  p roce s s i n g s peed  an d  wo rk in g  mem or y w ere  
p re d ic t i ve  o f  a cade mic  a t t a in me nt  i n  t h i s  g ro up  ( 35 8) .  In fa n t s  
w i t h  Fo e ta l  g r o wth  re s t r i c t i o n  w er e  a l s o  been  f ou nd  to  s u f fe r  
c o gn i t i ve  de f i c i t s  pa r t i cu l a r l y i n  s ho r t - t e rm  mem or y ( 3 59 ) .   
O f t en  t he se  c o gn i t i ve  de f i c i t s  ha ve  on l y b ecom e  ap pa re n t  a s  
p e r fo rman ce  dema nd s  i nc rea se  w i t h  a ge  a nd  p r o gre s s io n  th ro u gh  
t he  sch oo l  s ys t em .  Ho we ve r ,  t he  op i n i on  t ha t  o t he r  m ea su re s  o f  
c o gn i t i ve  fu nc t i on in g  s ho u ld  n ow  be  in c lu ded  i n  t he  f o l l ow -u p  o f  
h i gh - r i sk  in fan t s  i s  ga i n in g  g r oun d  (3 44 ) .   
 
5 . 1 . 2  R at io na le  f o r  d e ve l opm ent  o f  a  n ew  c o gn i t i ve  a s se s sme nt  
T he re  a re  fe w  t e s t s  o f  co gn i t i ve  f un c t io n i n g  ge ne ra l l y  a va i l a b l e  
t ha t  a re  ap pr op r i a t e  t o  t he  tod d le r  a ge  g r ou p .  Th i s  can  b e  a  
p a r t i cu l a r l y ch a l l e n gi n g  t ime -p o in t  f o r  a s se ss ment  a s 
a dmin i s t ra t i o n  can  b e  l en g th y a nd  t he  s t r a n ge  e n vi ro nme nt  and  
u nf ami l i a r  a s se s so r  can  be  i n t imi da t i n g  fo r  t h e  ch i ld  ( 8 ) .  Ye t ,  
t h i s  i s  a  s i gn i f i ca n t  t ime -p o in t  fo r  de ve l opme nta l  fo l l o w -up  a s  i t  
p e rmi t s  t ime l y ide n t i f i ca t i on  o f  d e l a y to  a l l o w i n t e r ve n t io n  p r i o r  
t o  sch oo l  a t t e nda nce .   E v ide nce  re ga rd in g  th e  e f f i cac y o f  ea r ly  
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i n t e r ve n t io n  ha s  bee n  d i sap p o in t in g l y m ixe d .  A rep or t  by  
He r s k in d  e t  a l ,  2 01 5 ,  e xami ne d  t h i s  i s s ue  wi th  r e fe renc e  to  
ce reb ra l  pa l s y ( 3 6 0) .  T he y a rgu e  th a t  due  t o  t he  su bs t an t i a l  
e v ide nce  f o r  neu ro p la s t i c i t y  a nd  t he  “ s en s i t i ve  pe r i od”  in  
c h i ld ho od  tha t  a l l o w s  f o r  i nc rea se d  re cep t i ve ne s s  t o  
e n vi ro nme nta l  s t imu l i ,  i n fa n t s  o u gh t  t o  be ne f i t  f r om ea r ly  
i n t e r ve n t io n .  Ho w e ve r ,  e v i dence  t o  su pp or t  a  po s i t i ve  in f lue nce  
h as  bee n  l ack i n g .  T he y h i gh l ig h t  ce r t a in  l imi t a t io n s  t h a t  may  
h a ve  h in de red  t he se  s t ud ie s .  The se  i nc l ude  d i f f i c u l t i e s  
i den t i f yi n g  t ho se  m o st  a t  r i s k  o f  d i sab i l i t i e s ,  i d en t i f yi n g  th em 
ea r l y e no u gh  an d  ma tch in g  a pp ro pr i a t e  e va lua t io n  to  ap pr op r i a t e  
i n t e r ve n t io n .  Th es e  c ha l l e n ge s  a re  a s  a p p l i ca b le  t o  co gn i t i ve  
d e f i c i t s  a s  t o  m oto r  one s .  T he  b io mar ke r s  d i sc us se d  ea r l i e r  i n  
t h i s  t h e s i s  an d  the  no ve l  c o gn i t i ve  a s se s smen t  de sc r ib ed  i n  t he  
n ex t  cha p te r  ma y he l p  a l l e vi a t e  t he se  p ro b lem s an d  a l l o w f u r t he r  
s t ud y o f  t h i s  t o p ic .  A r ecen t  Coc hra ne  re v i e w,  20 15 ,  d i d  s ho w  a  
p o s i t i ve  in f l uence  o f  ea r l y i n t e r ven t io n  on  t he  mo to r  a nd  
c o gn i t i ve  sk i l l s  o f  e x -pre t e rm in fan t s  wi th  t he  bene f i t  o n  
c o gn i t i ve  a b i l i t i e s  pe r s i s t i n g  t o  p re sc ho o l  ye a r s  (3 61 ) .  Ho w e ve r  
e v ide nce  o f  on go in g  ben e f i t  i s  l a c k in g .  S imi l a r l y s p ec i f i c  da t a  
r e ga rd i n g  th e  e f f i c ac y o f  ea r l y i n t e r ve n t io n  in  HIE  i s  n ot  
a va i l a b l e .   
O f  co ur se  t he re  a re  o the r  r ea so n s  wh y l on ge r  t e r m f o l l o w up  
s h ou ld  be  ca r r i e d  ou t .  The se  inc lu de  re so urce  p l an n i n g  fo r  
s pe c i f i c  de f i c i t s  i den t i f i ed ,  i nc lu d i n g  a pp ro pr i a t e  sch oo l  ch o ice  
a nd  e x t ra  a s s i s t a nce  a s  de sc r ibe d  b y D o yl e  e t  a l ,  2 01 4  (3 46 ) .  
Be ne f i t s  ex t en d  n o t  j u s t  t o  t he  pa t i en t  bu t  a l s o  the  fami l y a s  we l l  
a s  t he  medic a l  a nd  re sea rch  co mmu ni t y.  J oh n so n  a nd  Ma r low ,  
2 0 06 ,  a l s o  d i sc u s s  t he  be ne f i t s  o f  l on ge r  t e r m 
n eu ro de ve lo pmen ta l  o u tco me  w i t h  s pec i f i c  r e fe renc e  to  p re t e rm 
i n fa n t s  ( 34 8) .  T he se  i nc lu de  t ho se  d i scu s se d  a bo ve  a s  we l l  
c on t r ib u t i on s  to  se r v i ce  a ud i t ,  m oni to r in g  ou t come  o f  pe r ina t a l  
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ca re  an d  in t e r ven t io ns ,  an d  to  i n f o rm  e t h i ca l  de ba te  re ga rd i ng  
b ab ie s  a t  b or de r l i ne  vi a b i l i t y .   
At  p re sen t  ou r  a b i l i t y  t o  a s se s s  co gn i t i ve  de ve lo pment  i n  ea r ly  
c h i ld ho od  i s  l imi t ed .  T he  t wo  ma j or  mo de s  o f  a s se s sment  o f  any  
d oma i n  a re  t h r ou gh  pa ren ta l  qu es t io nna i re  an d /o r  a dmin i s t e red  
a s se s smen t .  O utc ome  me as ur e s  m a y a l so  be  d i f fe ren t i a t ed  in to  
t ho se  a c t in g  a s  sc reen i n g  t oo l s  a nd  th o se  p ro v id in g  a  
d e ve l op ment a l  a s se s smen t .  Ho w e ve r ,  J o hn s on  an d  Mar lo w a r gue  
t ha t  sc reen in g  t oo l s  ha ve  l i t t l e  u t i l i t y  i n  a n  i nh e re n t l y a t - r i sk  
p o pu la t io n  a nd  a r e  po or  a t  d e t ec t i n g  su b t l e  de f i c i t s  ( 34 8) .  
T he re fo re ,  r ob u s t ,  va l id a t ed  a s se s sme nt s  a re  r e qu i red .    
Fe w  p a re n ta l  q ue s t i on na i re s  ha ve  d ea l t  wi th  co gn i t i ve  
d e ve l op ment  ac ro s s  t he  i n fa n t  an d  to dd le r  a ge  r an ge .  In  fac t  
u n t i l  r ecen t l y n one  were  spe c i f i e d  fo r  t e s t i n g  c o gn i t i on  a nd  in  
f ac t  on l y d ea l t  wi t h  ce r t a i n  a rea s .  The  Age s  a nd  Sta ges  
Q ue s t io nna i re  ( AS Q )  i s  u sed  p r imar i l y  a s  a  sc reen i n g  t oo l  
b e t ween  t he  a ges  o f  4  m on th s  a nd  5  ye a r s  t o  e s t ab l i sh  r i s k  o f  
d e ve l op ment a l  de l a y ( 33 6) .  I t  c o ve r s  5  de ve l opm enta l  do ma ins  
i nc lu d i n g  a  sec t io n  on  p ro b lem -s o l v in g .  Se ve ra l  s tu d ie s  ha ve  
l oo ked  a t  t he  va l id i t y  o f  t he  AS Q  b y c o mpa r in g  a ga i n s t  an  
a dmin i s t e re d  de ve lo pmen ta l  a s se s sme nt ,  t he  Ba yl e y S ca l e s  (3 09 ,  
3 6 2 ,  3 63 ) .  Whi l e  so me  ha ve  sh ow n  m ode ra t e  o ve ra l l  c o r re l a t i on ,  
Go l l en be r g  e t  a l . ,  2 01 0 ,  l o oked  spe c i f i c a l l y  a t  t he  co r re l a t i on  
b e t ween  th e  p ro b lem -s o l v i n g do ma in  o f  t he  AS Q  a nd  Ba yl e y- 2  
s co re s  an d  fa i l e d  t o  f i n d  a  s i gn i f i can t  r e su l t  ( 36 2) .   
T he  o the r  t w o  pa re n ta l  que s t io nn a i re s  t ha t  co ve r  t h i s  pe r io d  a re  
t he  C hi ld  De ve lo pme nt  I n ve n to r y ( C D I)  an d  the  In fan t  
D e ve lo pme nt  In ve n to r y ( ID I )  (3 6 4 ,  3 65 ) .  Bo t h  we re  de ve l oped  
b y I r e t on .  The  CD I  i s  a  l en g th y u n de r t a k in g  o f  2 70  i t em s  fo r  
a s se s s in g  de ve lo pme nt  o f  soc i a l ,  se l f -he l p ,  m oto r ,  l a n gua ge ,  
l e t t e r  a nd  n umb er  sk i l l s  a s  w e l l  a s  be ha v io ur  p ro b lem s  in  
c h i ld re n  b e t ween  1 5  m ont h s  a nd  5  yea r s .  Da ta  f r om th e  
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n or ma t i ve  sam ple  o f  5 68  c h i l d r en  s ho we d  t he  t e s t ’ s  a b i l i t y  t o  
i den t i f y c h i l d re n  in  spec i a l  ed uca t io n  a nd  demo n st ra t ed  sma l l  t o  
me diu m  co r re l a t io n s  ac r o s s  t he  doma i n s  to  p re sc ho o l  r ead i ng  
ac h ie vemen t  ( 36 6) .  T he  C D I ha s  a l s o  been  sh ow n t o  c or re l a t e  
w e l l  wi t h  o th e r  a ss e s sm ent s  i n c lu d in g  the  Cl in i ca l  Ada p t i ve  
Te s t /Cl i n i ca l  Li n gu i s t i c  a nd  Au d i to r y M i l e s t one  Sca l e  
( C AT /C LAM S )  an d  t he  Ba yl e y S ca l e s  o f  In f an t  De ve lo pmen t ,  
2 n d  E d i t i on  ( BS ID -I I )  ( 36 7) .  Th i s  t e s t  i s  ho we ve r  ve r y l on g  and  
d oe s  no t  spe c i f i ca l l y  e xami ne  c o gn i t i ve  de f i c i t s .  The  ID I  a s ks  
p a re n t s  t o  de sc r ib e  t he i r  i n f an t  i n  t e rm s  o f  c u r ren t  b eha v io urs  
( 36 4) .  I t  on l y c o ve r s  i n fa n t s  u p  t o  21  m on th s  a nd  ha s  ye t  t o  be  
va l id a t ed  a ga in s t  o the r  s t a nda rd i se d  t e s t s .   
T he  Pa ren t  Re po r t  o f  C h i l d ren ’ s  Ab i l i t i e s  ( P AR C A)  a ss e s se s  
n o n -ve r ba l  c o gn i t i ve  a b i l i t y  i n  2  ye a r  o l d  ch i ld ren  ( 36 8) .  A 
r ecen t  u pda te  wa s  t e s t e d  fo r  va l i d i t y  a ga in s t  t he  Ba yl e y -2  i n  a  
s am ple  o f  e x -pre t e rm  in fan t s  an d  sh o wed  goo d  co r re l a t i on  wi th  
M D I  sc ore s  ( 36 9) .  Wh i l e  t h i s  a s se s sme nt  ma y p ro v i de  an  
i nex pen s i ve  w a y to  a s se s s  c o gn i t i ve  de f i c i t ,  i t  i s  o n l y f o r  u se  a t  
2  ye a r s  o f  a ge .   
Ba ke r  e t  a l . ,  20 13 ,  p re se n te d  t he  de ve l opme nt  o f  a  n o ve l  pa r en ta l  
r ep or t  f o r  c o gn i t i ve  a s se s sme nt ,  t he  C o gni t i ve  D e ve l op menta l  
Q ue s t io nna i re  ( C DQ )  ( 37 0) .  Th i s  q ue s t i on na i re  i s  d e s i gned  f o r  
c h i ld re n  f ro m 1 0  t o  24  mo nth s  an d  c omp r i se s  a  pa ren ta l ly  
a dmin i s t e re d  “ Game s”  sec t io n  a nd  a  rep or t ed  “ Que s t io nna i re”  
s ec t i on .  P i l o t  t e s t i n g  sh o wed  a  r ou gh l y l i nea r  c o r re l a t i o n  w i th  
a ge  a nd  s t r on g  po s i t i ve  c or re l a t i on s  wi t h  raw  Ba yle y -2  M D I  
s co re s .  T h i s  i s  p romi s i n g  d a t a  bu t  r eq u i r e s  f u r the r  va l i da t i on .   
P a r en ta l  r ep or t s  a re  a  r e l a t i ve l y c hea p  an d  ea s y me t ho d  o f  
a s se s s in g  c o gn i t i ve  de ve lo pmen t .  The y n e ga te  t he  nee d  f o r  
t r a in in g  a  t h i r d  pa r t y i n  a dmin i s t ra t i o n  an d  sco r in g  an d  sa ve  
t i me  b r in g in g  pa ren t s  a nd  to dd le r s  i n t o  a  c l i n i c .  Th e y a r e  a l so  
c ompl e t ed  b y a  pa re n t  w ho  k no w s  th e  c h i l d  be s t  a nd  h as  seen  
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t hem  o ve r  a  pe r io d  o f  t im e  ra th e r  t han  j us t  a  sna p sh o t  s een  b y an  
a s se s so r .  Ho w e ve r  t he y a re  t r oub led  b y re ca l l  an d  re s po n se  b i a s  
a nd  a n  in he r en t  va r i ab i l i t y  t ha t  ma ke s  the i r  u se  a s  a n  u l t ima te  
t oo l  l im i t ed  ( 34 8) .   
T he re  a re  se ve ra l  adm in i s t e red  a s se s sme nt s  t ha t  h a ve  some  
e l e ment  o f  co gn i t i ve  a s se s smen t .  Th es e  a re  summ ar i se d  i n  Ta ble  
5 . 1 .  I  wi l l  g i ve  an  o ve r vi e w  of  s o me  of  t he  m ore  c omm onl y u s ed  





T a ble  5 .1 :  In f an t  c og n i t i ve  a s se s s m ent .  Rep ro du ced  f rom  Bake r  e t  a l .  (2 01 3)  ( 37 0) .   
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T he  Mu l l en  Sca l e s  o f  Ea r l y Le a rn in g  ( M SE L)  p r o vi de s  a  mea s ure  
o f  f i ne  m o t or ,  v i sua l  r ecep t io n ,  r ecep t i ve  l a n gua ge ,  ex pre s s i ve  
l a n gua ge  an d  g ro s s  m ot or  s k i l l s  o f  c h i l d re n  f ro m b i r t h  t o  68  
m ont h s  ( 37 1) .  An  Ea r l y Le a r n ing  C omp o si t e  (E LC )  s t an da r d i sed  
s co re  ca n  be  ob t a ine d  a s  a  mea s ure  o f  g lo ba l  c o gn i t i ve  
f un c t io n i n g .  Mo der a t e  c or re l a t i o n s  a re  rep or t ed  wi th  t he  o r i gi na l  
Ba yl e y S c a l e s  o f  In fa n t  De ve l op ment  ( 31 8) .  Ca ud le  e t  a l . ,  20 14 ,  
l oo ked  a t  t he  n on ve r ba l  c o gn i t i ve  de ve lo pme nt  o f  c h i l d re n  wi th  
c och l ea r  imp lan t s .  T he y e xami ne d  t he  p r ed ic t i ve  va l id i t y  o f  t he  
M S E L f o r  l a t e r  a s se s sme nt  wi t h  t he  Le i t e r  In t e r na t i on a l  
P e r fo rma nce  Sca l e s -R e vi se d  (LI P S -R )  a nd  fo un d  m ode ra t e  
c or re l a t i on s  be t wee n  th e  M S E L Vi su a l  Re cep t io n  s co re  an d  t he  
LI P S -R  f l u id  rea so n in g  sco re  (3 7 2) .  The  M SE L h a s  be en  t e s t ed  
o n  a  r an ge  o f  h i gh - r i sk  c h i ld ren  a nd  i s  be i n g  in c rea s i n gl y u s ed  
i n  s t ud i e s  o f  c h i l d re n  wi th  au t i sm s pec t rum  d i s o r de r s  ( 37 3) .  
Wh i l e  t he  t e s t  i s  a b l e  t o  i de n t i f y ch i ld ren  w i th  de ve l opme nta l  
d e l a y i n  t he se  g r ou p s  t he re  i s  l i t t l e  e v ide nce  o f  a  d i f f e re n t i a l  
p ro f i l e  t ha t  ca n  d i s t i n gu i s h  t he  d i so rde rs  f rom  each  o t he r  ( 37 4) .  
Al s o  t he  M SE L s t a nda rd i sa t io n ,  ca r r i e d  o u t  1 5  an d  2 3  ye a r s  a go ,  
i s  s ome w ha t  ou t da t e d  (3 48 ) .   
T he  Ba t t e l l e  De ve l opme nta l  Inve n t o r y,  r e cen t l y re - s t an da r d i sed  
t o  a  seco nd  e d i t i on ,  ( BD I -2 )  i s  u sed  t o  a s se s s  de ve lo pmen ta l  
s k i l l s  i n  c h i l d re n  f ro m  b i r t h  t o  8  ye a r s  ( 37 5) .  T he  t e s t  u se s  a  
c ombi na t i on  o f  o b se r va t i on  a nd  in fo rma nt  r e po r t  t o  a s se ss  f i ve  
d oma i n s  in c lu d in g  pe r so na l / s oc i a l ,  ad ap t i ve ,  mot or ,  
c ommu nica t io n  a nd  co gn i t i ve .  T he  f i ve  doma i n s  c an  be  s umme d 
t o  yi e ld  a  t o t a l  de ve l opm enta l  q u o t i en t .  The  s eco nd  ed i t i o n  has  
im pr o ve d  p s yc h omet r i c  p ro pe r t i e s  co mpa red  t o  t he  o r i g ina l  wi th  
acc ep ta b le  r e l i a b i l i t y ,  i n t e rn a l  c on s i s t e nc y an d  ba s i c  va l i d i ty  
( 37 5) .  M a t so n  e t  a l . ,  2 01 0 ,  l oo ke d  a t  t he  ab i l i t y  o f  t he  BD I -2  to  
d i f fe re n t i a t e  de ve l opme nta l  p ro f i l e s  o f  c h i l d re n  wi t h  D o wn 
S yn d r o me ,  Glo ba l  De ve lo pme nta l  De la y ( GD D )  a nd  Pre ma tu r i t y  
( 37 6) .  T he y n o t ed  t ha t  a t  2 -yea r s  t he  t e s t  sh owe d  t ho se  wi th  
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GD D  a nd  Do wn  S yn d ro me  h ad  s ign i f i ca n t l y m ore  m oto r  p r ob l ems 
t han  t ho se  w ho  wer e  p r ema t ur e ,  wh i l e  t h o se  wi th  GD D  had  
s i gn i f i ca n t  de f i c i t s  i n  pe r so na l - s oc i a l  s k i l l s  c ompa re d  to  t he  
o the r  t wo  g ro up s .  Di f f e re n t i a t i o n  ba sed  on  co gn i t i ve  s k i l l s  wa s  
n o t  a ppa re n t .  S t ud i e s  r e ga r d ing  t he  p re d ic t i ve  va l i d i t y  o f  t he  
BD I -2  f o r  l a t e r  co gn i t i ve  pe r fo rma nce  a re  l ac k in g .   
T he  Gr i f f i t hs  Sca l e s ,  a s  p re v iou s l y d i sc u ss ed  in  C hap te r  1 ,  i s  
a l s o  u sed  fo r  a s se s s ment  i n  ea r ly c h i l dh oo d  b u t  d oe s  n o t  ha ve  a  
d ed ic a t ed  su bs ca l e  fo r  c o gn i t i ve  a s se s smen t  (1 75) .  Th e 
p re d ic t i ve  va l i d i t y  o f  t h i s  t e s t  fo r  l a t e r  co gn i t i ve  p e r fo rman ce  
h as  a l s o  bee n  s ome wha t  l imi t e d  e sp ec i a l l y  a t  yo u n ge r  a ge  ra n ges  
( 17 6 ,  17 7) .  Gr i f f i t h s  I I I ,  wi t h  i t s  ded ic a t ed  s ub sca l e  o f  
Fo u n d a t i on s  o f  Le a rn i n g ,  ma y ch an ge  th i s  bu t  ps yc h ome t r i c  da t a  
h as  ye t  t o  be  re l ea se d  a nd  s tu d ie s  o f  p re d ic t i ve  va l i d i t y  a re  
u n l i ke l y t o  be  a va i l ab l e  f o r  se ve r a l  ye a r s  ( 17 8 ,  1 79 ) .   
T he  mo st  co mmo nl y u s ed  a s se s sme nt  fo l lo w i n g  a  h i gh  r i sk  
p e r i na t a l  i n j u r y i s  t he  Ba yle y  Sca l e s  o f  In fa n t  a nd  T od dle r  
d e ve l op ment  (1 74 ,  3 18 ,  3 19 ) .  Un fo r t una t e l y,  t h e  Ba yl e y  ha s  been  
s h o wn  to  be  qu i t e  po or  a t  de t ec t i n g  mi l d  t o  m ode ra t e  co gn i t i ve  
d e f i c i t s  pa r t i cu l a r l y a t  yo u n ge r  a ge s  an d  i s  p oo r l y p re d ic t i ve  o f  
l a t e r  mea su re s  o f  c o gn i t i ve  fu nc t i on  ( 32 1 ,  3 77 ) .  S imi l a r  t o  o the r  
t e s t s  p re v i ou s l y d i sc u ss ed ,  t he  Ba yl e y Sca l e s  r e l y he a vi l y o n  
m oto r  an d  l an gua ge  sk i l l s  i n  o rde r  t o  p e r fo rm we l l  i n  t he  
c o gn i t i ve  sec t i on .  Co gni t i ve  t a sk s  re qu i re  t he  c h i ld  t o  be  a b l e  t o  
ma nip u la t e  sma l l  ob jec t s  suc h  a s  pe gs  an d  pu zz le  p i ec es  a nd  they  
r eq u i re  t h e  c h i ld  t o  u nde r s t a nd  s pec i f i c  ve r ba l  i n s t ruc t io n s .  In  
t e s t i n g  ch i ld ren  wi t h  p h ys i ca l  o r  l a n gua ge  im pa i rm ent s  t h i s  ha s  
t o  da t e  r e qu i red  de v ia t io ns  f rom the  s t an da r d  p ra c t i ce  d ue  t o  t he  
t he i r  i n f l uenc e  on  re l a t i ve  pe r fo rma nce  (1 74 ) .  T he  Ba yl e y- 3  
a dmin i s t ra t i o n  m an ua l  ad v i se s  t ha t  m od i f i ca t io n s  pu t  t he  t e s t  
o u t s i de  o f  t he  p ur v ie w of  t h e  s t a nd a r d i sa t i on  sampl e  a nd  
r ecom men d s  us in g  “ yo u r  p r o f e ss i ona l  j u d gemen t”  t o  dec i de  how  
t he se  m od i f i c a t io n s  i mpac t  t e s t  s co re s .    
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N o ne  o f  t he  t e s t s  de sc r ibe d  ab ove ,  o t he r  t ha n  pe r hap s  t he  v i su al  
r ecep t io n  su b te s t  o f  t he  MS E L,  h a ve  bee n  s pec i f i ca l l y  d e s i gned  
t o  t e s t  n on ve r ba l  c o gn i t i on .  M ore o ve r ,  n one  o f  t h e s e  a s se s smen t s  
h a ve  bee n  de s i gned  to  de t e c t  t he  s pec i f i c  c o gn i t i ve  de f i c i t s  
k n ow n t o  be  a f fec t e d  i n  pe r in a t a l  b r a in  in ju r y.  T he re fo re ,  a  
f oc us ed  l an gu a ge - in dep en den t  c o gn i t i ve  a s se s sme nt  capa b le  o f  
t e s t i n g  t he  d i sea se - re l e van t  cogn i t i ve  do ma in s  w ou ld  a id  ea r ly  
i den t i f i c a t io n  an d  gu i de  i n t e r ven t io n  in  h i gh - r i s k  i n fa n t s .   
 
5 . 1 . 3  C o ncep t ua l  de ve l opme nt  o f  a  n ove l  c o gn i t i ve  a ss e s sm ent  
As  d e sc r i be d  a bo ve  fe w a s se s s me nt  t oo l s  a r e  de s i gned  f o r  
c o gn i t i ve  a s se s smen t  i n  t he  t od d le r  a ge  g r ou p .  E ve n  fe we r  a r e  
f oc us ed  on  spec i f i c  co gn i t i ve  c on s t ru c t s .  Exec u t i ve  fu nc t i on  
r e fe r s  t o  a  co mple x  c o gn i t i ve  co n s t ruc t  enc ompa s s i n g the  w hole  
s e t  o f  p r oce s se s  un de r l yi n g  con t r o l l e d ,  goa l -d i rec t e d  re sp on ses  
t o  no ve l  o r  d i f f i cu l t  s i t ua t i on s  (2 0 4) .    
O ’ Re i l l y  a n d  Mu naka ta ,  2 00 0 ,  i d en t i f i e d  th ree  d i f f e re n t  k i nd s  o f  
p ro ce ss in g  pe r fo rmed  b y n e ura l  n e t wo rk s  in  t he  b ra i n ;  
•  T he  s lo w l ea r n in g  o f  o ve r l a pp i n g d i s t r i b u ted  
r ep re sen t a t io n s  o f  t he  en v i ron ment ,  pe r fo rmed  b y the  
p o s t e r io r  c o r t ex  
•  Ac t i ve  ma i n t e nance  b y t he  p re f r on ta l  co r t ex  o f  l i mi t e d 
am ou nt s  o f  i n f o rma t io n  o ve r  s ho r t  t ime  i n t e r va l s ,  t o  e nab le  
p ro b lem  so l v i n g  
•  R api d  acq u i s i t i on  o f  un i que  co n j unc t io ns  o f  no ve l  
i n f o rma t io n  b y th e  h ip poc amp u s  an d  re l a t e d  s t ruc tu re s .   
I t  i s  t h i s  sec on d  t yp e  o f  p r oce s s i n g  re l a t ed  t o  exec u t i ve  
f un c t io n s ,  wi t h  pa r t i c u l a r  r e fe r ence  t o  w or k i n g  mem or y,  a nd  
f lu i d  i n t e l l i ge nce  tha t  we  w i sh ed  to  ex amin e  wi t h  a  n o ve l ,  
t ouc h sc re en  ba sed ,  l an gua ge  i nd epe nde n t ,  c o gn i t i ve  a s se s sment  
( 37 8 ,  3 79 ) .  Fl u i d  i n t e l l i ge nce  d es c r i be s  no ve l  p r ob le m so l v i ng  
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a b i l i t i e s .  Th i s  s t an d s  op po se d  to  c r ys t a l l i sed  in t e l l i genc e  wh ich  
r e fe r s  t o  t he  a b i l i t y  t o  u se  l ea rne d  kn o wled ge  ( 38 0) .  Ma n y o f  t he  
a bo ve -m ent i on ed  t e s t s  i nc l ude  t a sk s  t ha t  t e s t  c r ys t a l l i sed  
i n t e l l i ge nce  s uch  a s  co un t in g ,  k n ow led ge  o f  c o l ou rs  e t c .  whi ch  
ca n  be  depe nd en t  on  a va i l a b l e  e xpe r i e nce  an d  ex po s ure .  In  
d es c r i b in g  the or i e s  o f  a du l t  i n t e l l i gen ce  Ca t t e l l  e xp la in s  t ha t  
c r ys t a l l i sed  i n t e l l i ge nce  i s  a  p ro du c t  o f  f l u id  i n t e l l i gence  
a u gme nte d  b y t ime  i n ve s t e d  in  sc ho l a r l y p u r su i t  w i th  a n 
i n f l uen ce  o f  i n t e r e s t  an d  mem or y (F i g ur e  5 .1 )  ( 38 0 ,  3 81) .  
T he re fo re  p re -e x i s t i n g  f l u id  in t e l l i ge nce  i s  r eq u i re d  fo r  l a t e r  
k n ow led ge .  T he  ab o ve  p r oce s s in g  f unc t io n s  a re  ke y  t o  ma na g in g 
t he  no ve l  l e a r n in g  c ha l l en ges  tha t  wi l l  be  face d  b y yo u n g  
c h i ld re n  d ur i n g the i r  aca demic  de ve lo pme nt .  The y a l so  
e ncom pa s s  t ho se  c o gn i t i ve  a b i l i t i e s  t h a t  ap pea r  t o  be  a t  r i sk  
f o l l o win g  pe r ina t a l  i n j u r y.   
T he se  ne ura l  ne t wo rk s ,  h ow e ve r ,  l i ke l y r e pr e s en t  t he  ad u l t  b ra in  
s t a t e  i n  l e a r n in g .  T he r e f o re  t he  nex t  qu es t io n  i s ,  w ha t  i s  t he  
e v ide nce  tha t  t he se  s k i l l s  wo ul d  be  me as ur ab le  i n  yo u ng  





Fi gu re  5 .1 :  Hyp o t he s i sed  c au sa l  re l a t io n sh ip  o f  f l u id  
i n t e l l i ge nce ,  c ry s t a l l i se d  i n t e l l i gen ce  a nd  a d u l t  i n t e l l i ge nce .  
R ep ro duce d  f r om  Acke rma n  e t  a l ,  19 96 ,  ba sed  o n  Ca t t e l l ’ s  
t heo r i e s  (3 81 ) .   
 
R o se  e t  a l ,  2 00 4 ,  de sc r i bed  th e  d imen s i on s  o f  co gn i t i o n  in  
i n fa n t s  a t  7  mo nth s  f o l lo wi n g a  ba t t e r y o f  t a sk s  a nd  f ou nd  
e v ide nce  o f  3  d i men s i on s  acc oun t in g  fo r  3 7%  o f  t he  va r i a nce  in  
f ac to r  ana l ys i s .  T he se  were  d e t e r mine d  to  be  an  a t te n t i on 
re l a t e d fac t or ,  a  s pee d f ac t or  a n d a  me mor y  fa c t or  ( 38 2) .  
M u lde r  e t  a l . ,  20 14 ,  s umma r i se d  t he  ma i n  c om po nen t s  o f  
e xecu t i ve  fu nc t i on  t o  be  ( i )  w or ki n g  me mor y ,  de f ine d  a s  t he  
a b i l i t y  t o  h o ld  in fo rma t i on  in  mem or y w h i l e  p e r fo rmin g  me nta l  
o pe ra t i on s  o n  t h i s  i n fo rma t i on ;  ( i i )  in hi bi t ory  c ontr o l ,  de f ined  
a s  t he  a b i l i t y  t o  su pp re ss  a u to ma t i ze d  a nd  p re do minan t  
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r e s po n se s ;  an d  sh i f t i n g ,  o r  t he  a b i l i t y  t o  cha n ge  co gn i t i ve  se t  i n  
o rd e r  t o  s wi t c h  be t wee n  d i f f e re n t  t a s k s  ( 38 3) .  T he re  rema in s ,  
h o we ve r ,  co n s id e ra b le  deb a te  am on g  neu ro ps yc h o l o gi s t s  a s  t o  
w he the r  t he re  i s  a  o ne  o r  m ul t i p l e  f ac t o r  so lu t i on  t o  e xec u t i ve  
f un c t io na l i t y  i n  ch i l d r en .  I t  ha s  b een  su gge s t ed  t ha t  t he re  ma y b e  
e l e ment s  o f  u n i t y an d  d i ve r s i t y  t o  t he se  co gn i t i ve  p r oce s se s  
( 38 4) .   
Fi n a l l y ,  i n  o r d e r  t o  en s ure  t ha t  a  ne w  co gn i t i ve  a ss e s sm ent  t oo l  
c ou l d  d i sp l a y p re d ic t i ve  va l i d i ty ,  t he re  wo uld  nee d  t o  be  su pp or t  
f o r  t he  c on t in u i t y a nd  p red ic t i ve  ab i l i t y  o f  ea r l y s p ec i f ic  
c o gn i t i ve  a b i l i t i e s  fo r  l a t e r  pe r f o rma nce .  Fa ga n  e t  a l ,  20 07 ,  
f ou nd  tha t  i n fo rma t i on  p r oce s s in g  a b i l i t y ,  de f ine d  b y a  t e s t  o f  
s e l ec t i ve  a t t e n t i on ,  i n  c h i l d re n  a ged  6  to  1 2  m on th s  wa s  
p re d ic t i ve  o f  a du l t  IQ a nd  aca demi c  ach ie ve ment  (3 85) .  
Fo l l o wi n g  a  ba t t e r y o f  t a sk s  t e s t i n g  a t te n t i on ,  pr oce s s i ng  
s pe e d,  me mory  a n d re pre se nt at i on a l  c ompe te nce  a t  5  t i me  
p o i n t s  f r om 7  m ont h s ,  R o s e  e t  a l ,  20 12 ,  demo n st r a t ed  th a t  t he se  
a b i l i t i e s  s ho wed  c on t in u i t y a t  d i f fe re n t  s t a ges  o f  de ve l opm ent  
a nd  we re  p red i c t i ve  o f  IQ  a t  11  ye a r s  (3 86 ) .  Th i s  im pl i e s  t ha t  
t e s t i n g  the se  doma in s  ca n  p ro v i de  im po r t an t  p r o gno s t i c  
i n f o rma t io n  f r om a  ve r y ea r l y age .   
 
5 . 1 . 4  T ouc h -sc reen  p l a t f o r m fo r  neu rop s yc h o l o gic a l  a s se s sme nt  
C om pute r i sa t i on  o f  n eur op s yc ho lo g ica l  a s se s sme nt s  ha s  b een  in  
p ro gr e s s  fo r  deca de s .  Al t ho u gh  w hi l e  w ide l y u s e d  f o r  sco r i n g,  
c omp ute r i ze d  admi n i s t ra t i on  ha s  l a gge d  b eh i nd  (3 87 ) .  In  t he  
p aed i a t r i c  po pu l a t io n  co mp ute r i za t io n  ha s  b een  a pp l i ed  t o  t he  
a s se s smen t  o f  a t t e n t i on  i n  At t e n t i on -D ef i c i t -H yp e rac t i v i t y  
D i so rde r  ( AD HD )  w her e  p rec i s i on ,  an d  repe t i t i on ,  l imi t  h uman  
a dmin i s t ra t i o n .  E ven  th e  t ou ch -s c ree n  fo rma t  has  been  us ed  to  
a s se s s  ch i l d re n  a s  yo u n g  a s  f ou r  yea r s  i n  t he  fo rm  o f  t he  
C amb r id ge  Ne ur op s yc h o l o gic a l  Te s t i n g Au to ma te d  Ba t t e ry  
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( C AN T AB)  ( 38 7 -38 9) .  T h i s  t ouc h -sc reen  a sse s sme nt  ba t t e r y wa s  
i n i t i a l l y  de ve l ope d  fo r  t he  d i a gn o s i s  o f  a du l t s  wi th  d emen t i a  bu t  
h a s  sh o wn  co n s ide rab le  p r omi se  in  d i f fe re n t i a t i n g  ce r t a i n 
p a t t e rn s  o f  ne ur opa t ho lo gy i n  t h e  p aed i a t r i c  p op u la t i on .  Lu c ian a  
a nd  N e l so n ,  20 02 ,  admi n i s t e red  s i x  s ub t e s t s  o f  t he  C AN T AB to  
4 0 0  t yp ica l l y  de ve lo p i n g ch i l d re n  b e t ween  the  a ge s  o f  f ou r  a nd  
t we l ve  ye a r s  ( 39 0) .  In  t e rm s  o f  a dmin i s t ra t i o n ,  c h i l d re n  f rom  a ge  
f i ve  on  we re  ab l e  t o  fo l lo w i n s t r uc t i on s  t o  com ple t e  t he  
a s se s smen t  a nd  pa r t i c i pan t  a t t r i t i on  o n l y occ ur red  i n  m ore  
d i f f i cu l t  t a sk s  f rom  a ge s  f i ve  to  e i gh t .  Fo u r  ye a r  o ld s  had  
d i s t i nc t l y  mo re  a dmi n i s t ra t i o n  e r ro r s  a nd  we re  o f t e n  no t  ab l e  t o  
ge t  a  r e sp on se  f ro m t he  s c reen  on  f i r s t  a t t em pt .  T hu s  sc r een  
s en s i t i v i t y  w as  de t e rm ine d  t o  be  an  imp or t an t  co n s ide ra t i on .  
T h i s  s t ud y a l s o  f ou nd  n o  d i f fe re nce  i n  pe r fo rma nce  in  ch i l d ren  
f o r  wh om En gl i sh  wa s  no t  t h e i r  f i r s t  l a n gua ge .  The y d e t e rmi ned  
t ha t  t he  C ANT AB c o u ld  be  use d  t o  a ss e s s  i n t ac t  f unc t io n  in  
t ho se  wi t h  wea k  ve rb a l  sk i l l s .  Gree n  e t  a l ,  20 09 ,  u se d  t he  
C AN T AB i n  a  co ho r t  o f  e i gh t  t o  15  ye a r  o ld s  w i th  a  h i s to r y o f  
Fo e t a l  a l co ho l  s yn d ro me  a nd  su cce s sf u l l y  f ou nd  d i f f e re nce s  i n  
m ul t i p l e  e xec u t i ve  f unc t io n  d oma i n s  c ompa re d  to  a ge -ma tc hed  
c on t ro l s  (3 89 ) .  Ve r y re cen t l y Semme lman n  e t  a l ,  2 01 6 ,  pu b l i s hed  
a  s t ud y t e s t i n g  se l ec t ed  ex pe r ime nta l  pa rad i gm s tha t  t e s t e d  a  
va r i e t y o f  c o gn i t i ve  sk i l l s  i n  c h i ld re n  a ge d  o ne  t o  t e n  ye a rs  
( 39 1) .  The y f o un d  tha t  c h i l d ren  f r om a ge d  t w o  on wa rd s  were  
a b l e  t o  en ga ge  wi t h  t he se  t a s k s  an d  re sp on d  a l lo wi n g  da ta  
r e ga rd i n g  acc ura c y an d  reac t i on  t i me  t o  be  co l l ec t ed .   
T he  po t en t i a l  a d van ta ge s  o f  t he  u se  o f  d i gi t a l  t e ch no lo gy f o r  
a s se s smen t  a re  num er ou s .  T he  p or t a b i l i t y  o f  m ode rn  to uch -
s c r een  t ab l e t s  wo ul d  a l lo w e asy t r an s po r t  a nd  u se  b y a  hea l th  
ca re  p r o fe s s i ona l  i n  a  va r i e t y o f  en v i r onm ent s ,  no t  de pen de n t  on  
t r an s po r t in g  a  l a r ge  k i t  an d  ha vi n g ap pr op r i a t e  fu rn i tu re  
a va i l a b l e .  T ouc h -sc ree n  t e ch no l o gy a l lo w s  an  a lm os t  i n f i n i t e  
p o te n t i a l  f o r  p r o gre ss io n  th rou gh  inc rea s i n g c om plex i t i e s  o f  
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t a s k s .  C h i ld ren  wo uld  b e  a b l e  t o  d i rec t l y  i n t e rac t  w i th  t h e  sc r een  
a nd  c ue  t he  ne x t  l e ve l  o f  d i f f i cu l t y  w h ich  w oul d  o n l y b e  l i mi t ed  
b e  the  p r o gramm in g  o f  t he  ap p l i ca t io n .  T es t s  co u ld  the ore t i ca l ly  
b e  e x t e nde d  ac r o ss  a n y a ge  g ro u p ,  w hic h  w oul d  he l p  in  f u t u r e  
f un c t io na l  s tu d ie s  o f  co gn i t i ve  de ve l opme nt  whe re  a va i l ab i l i t y  
o f  ap pr op r i a t e  t e s t s  ha s  h in de red  un de r s t a nd in g  o f  de ve lo pmen ta l  
t r a j ec t o r i e s .  Un de r  ap pr op r i a t e  da t a  p r o t ec t io n  m eas ur e s  ea ch  
t e s t  c a r r i e d  o u t  on  a  t ouc h  sc reen  de v ice  co u ld  be  rem ote ly  
u pl oade d  to  a  cen t ra l  se r ve r  e i t he r  f o r  t he  a s se s so r s ’  o w n da t a  
c o l l ec t io n  o r  mo re  u se f u l l y  f o r  t he  c on t in ua l  u pda t in g  o f  
n or ma t i ve  va lu es  o ve r  t im e  a nd  ge o grap h ic  re g io n s  a nd  to  b u i ld  
d i sea se  s pec i f i c  p r o f i l e s  fo r  sc or e  feed bac k  i n  s pec i a l  g ro up s .   
T ouc h -sc reen s  a l s o  gi ve  t he  p o s s ib i l i t y  t o  m ore  a ccu ra t e ly  
r eco rd  rea c t io n  t ime s .  As  n o ted  b y S e mmelma nn  e t  a l ,  2 01 6 ,  
p re v io u s l y w i th  t r a d i t i on a l  c om pute r -ba se d  t e s t s  t he  yo u n ge r  
c h i ld  w oul d  o f t en  n eed  t o  l o ok  t o  t he  ke yb oa rd  o r  m ou se  and  
t hen  ba ck  to  t h e  m oni to r  wh i l e  i n pu t t i n g  t he i r  r e sp on se  ( 39 1) .  
T h i s  i n t r od uce s  a  su bs t an t i a l  s ou rce  o f  e r ro r  i n  ca l cu la t in g 
r e s po n se  t i mes .  In  l oo k in g  a t  r e sp on se  t ime s  i n  t h e i r  o wn s t udy  
t he y d i d  c omme nt  on  an  im po r t a n t  de s i gn  c on s i d e ra t i on  fo r  
t ouc h -sc ree n  t e s t s .  T he y f ou nd  tha t  t h e  m ore  com pl i ca t ed  the  
ac t io n  re s po n se  req u i re d ,  i . e .  d ra gg i n g  an d  d r op p in g  ve r su s  
t a pp i n g ,  t h e  h i ghe r  t he  po t en t i a l  d i f fe rence  i n  re ac t io n  t imes  
b e t ween  a ge s .  Th i s  a d va n ta ge  o f  t o uch -s c ree n  t ec hn o l o gy c o u l d  
a l l o w fo r  l e s s  su b jec t i v i t y  a nd  ea s i e r  a na l ys i s .   
T ouc h -sc reen  t ec hn o lo gy a l so  h as  t he  po te n t i a l  t o  i nc rea se  th e  
p ur i t y  o f  c o gn i t i ve  a s se s smen t  b y re duce  t he  c on fo un d i ng  
i n f l uen ce  o f  m ot or  sk i l l s ,  l a n gua ge  ab i l i t y  a nd  so c i a l  i n f l uences .  
In  he r  r e v i e w  o f  t he  u se  o f  C AN T AB i n  ch i ld ren ,  Mo nica  
Lu c ia na  d i sc us se s  som e  of  t he se  fac t o r s  ( 38 7) .  S he  a l so  
c omme nt s  t ha t  c on ve rs e l y t h i s  a im  fo r  p ur i t y  c a n  a f fec t  t he  
ec o lo g ica l  va l i d i t y  o f  t he  t e s t i ng .   
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T he se  p o te n t i a l  be ne f i t s  l e d  to  t he  p r op o sa l  o f  a  t o uch -s c re en  
p l a t f o r m a s  t he  b as i s  o f  a  n o ve l  c o gn i t i ve  a s se s sme nt .   
 
T he  f i r s t  s t e p  i n  t he  d e ve l opme nt  o f  t h i s  no ve l  t o uch -s c r ee n 
b as ed  co gn i t i ve  a s se ss ment  i s  t o  de t e r mine  t he  p re va le nce  o f  
t ouc h -sc ree n  us a ge  an d  t he  f unc t i on a l  a b i l i t i e s  o f  ch i ld ren  f o r  
t ouc h -sc ree n  i n t e rac t i on  a t  a  yo u n g  a ge .  T h i s  q ue s t io n  was  
a ns we re d  u s in g  a  pa re n ta l  q ue s t io n na i re .  In  t he  fo l lo wi n g  sec t i on  




5 .2  Touch-Screen Usage in  Toddlers  
 
5 . 2 . 1  Ab s t rac t    
5 . 2 . 1 . 1  O b jec t i ve  
T o  e s t a b l i sh  the  p r e va l ence  an d  pa t t e rn s  o f  u se  o f  t o uch -s c reen  
t ec hn o l o gie s  i n  t he  t od d le r  po pu la t io n .    
5 . 2 . 1 . 2  D e si gn  
P a r en ta l  q ue s t i on na i r e s  were  co mple t ed  f o r  c h i l d re n  a ged  12  
m ont h s  t o  t h re e  ye a r s  exami n i ng  acce s s  t o  t o uch -s c re en  de v ices  
a nd  ab i l i t y  t o  pe r f o r m c ommo n f o r ms  o f  i n t e rac t i on  wi th  t ouc h -
s c r een  t ec hn o lo g ie s .    
5 . 2 . 1 . 3  R e su l t s  
O u t  o f  t he  8 2  qu es t io nna i re s  com ple t e d  o n  t yp i ca l l y  d e ve lo p i ng  
c h i ld re n ,  7 1%  of  t od d le r s  ha d  acce s s  t o  t o uc h -sc r een  de v ice s  f o r  
a  med ian  ( IQ R)  o f  15  min u te s  pe r  da y ( 9 . 37 5 -26 .2 5) .  By p a r en ta l  
r ep or t ,  24  m ont h s  w as  t he  med ia n  a ge  o f  ab i l i t y  t o  s wi pe  ( IQ R:  
1 9 .5 -30 .5 ) ,  u n l ock  ( IQ R :  2 0 . 5  –  3 1 . 5 )  an d  ac t i ve  l oo k in g  fo r  
t ouc h -sc ree n  fea t u re s  ( IQ R :  2 2 -3 0 .5 ) .  2 5  ( 21 -3 1 . 25 )  mo nt hs  was  
t he  med ian  a ge  o f  ab i l i t y  t o  i den t i f y a n d  u se  spec i f i c  t ouch  
s c r een  fea tu re s .  3 2 . 8%  o f  t od d le r s  co u l d  pe r fo rm a l l  fo ur  sk i l l s .    
5 . 2 . 1 . 4  C o nc lu s i on  
Fr o m  t w o  ye a r s  o f  a ge  to dd le r s  ha ve  t he  a b i l i t y  t o  i n t e rac t  
p ur po se fu l l y  w i t h  t ouc h - sc reen  de v ice s  an d  de mo n st ra t e  a  
va r i e t y o f  comm on  sk i l l s  r eq u i red  to  u t i l i s e  t o uc h -sc reen  





5 . 2 . 2  In t ro duc t io n  
T ouc h -sc reen  p ho ne s  a nd  t ab l e t s  a re  i nc rea s in g l y a va i l a b l e  t o  
c h i ld re n .  Ye t  l i t t l e  i s  kn ow n  a bo u t  ho w  t h i s  t e c hn o lo gy i s  b e ing  
u se d  b y c h i l d re n  an d  wha t  e f fec t  t h i s  mi gh t  ha ve  ( 39 2) .  In  1 99 9 ,  
t he  Amer i can  Aca dem y o f  Ped i a t r i c s  ( AAP )  made  
r ecom men da t i on s  d i s co ura g in g  t he  u se  o f  me dia  i n  t h o se  u nde r  
t w o  ye a r s  o f  a ge  (3 93 ) .  Th i s  wa s  ba se d  on  inc rea s i n g  a ware nes s  
o f  t he  r i sk s  po se d  b y v io l enc e ,  s ex ua l  co n ten t  an d  a d ve r t i s i n g  in  
me dia  t o  c h i l d re n .  M ore  spec i f i ca l l y ,  i n  t he  t od d le r  a ge  g ro up ,  
c once rn s  cen t e re d  a ro un d  d i s p l ac in g  o th e r  de ve lo pme nta l ly  
c ruc i a l  i n t e rpe r s o na l  i n t e rac t i on s  an d  p l a y ( 3 94 ) .  Ea r ly  
t e l e vi s i on  wa tc h in g  ha s  bee n  a s soc i a t e d  wi t h  l a t e r  a t t en t io nal  
p ro b lem s ,  s l ee p  d i s r up t io n  an d  e ve n  imm edia t e  im pac t  on  
e xecu t i ve  fu nc t io n i n g  l i nke d  wi t h  the  p ac in g  o f  v i e wed  me dia  
( 39 5 -39 7) .  The re f o r e ,  i n  2 01 1 ,  a  p o l i c y s t a t emen t  r ea f f i rmin g  the  
A AP ’ s  gu i de l i ne s  wa s  re l e as ed  (3 94 )  w hich  re pea t ed  ex i s t i ng  
h ea l t h  c onc e r ns  a nd  a l so  h i gh l i gh te d  t ha t ,  de sp i t e  pa re n ta l  
b e l i e f s ,  t od d le r s  d o  n o t  ga in  m uch  ed uca t i on a l  va lue  f r om 
w a tc h in g  t e l e v i s io n ,  n o  m a t t e r  w ha t  t he  co n ten t .   
Al l  o f  t he se  a pp rehe n s io n s  we re ,  h ow e ve r ,  ba se d  on  pa s s i ve  
f o r ms  o f  t ec hn o lo gy p r i o r  t o  t he  wi de sp rea d  in t ro duc t io n  o f  
t ouc h -sc ree n  fo rma t s  ( 39 2) .  Th e  in t e rac t i v i t y  o f  t ou ch -s c reen  
me dia  co u ld  p r o vi de  a  d i f fe r en t  e xp e r i e nce  to  t he  de ve lo p ing  
b ra i n  o f  t he  to dd le r .  In  a  r ece n t  r e po r t ,  Cr i s t i a  e t  a l .  ad dre s sed  
t ouc h -sc ree n  u sa ge  i n  a  c oh or t  o f  Fr e n ch  5  –  40  m ont h  o l ds ,  
l oo k in g  a t  p re f e r red  ac t i vi t i e s  o n  suc h  de v ice s  an d  t yp e  o f  
i n t e r ac t i ve  ges tu re s  u se d  a nd  f ou nd  w ide s prea d  us a ge  a t  
a pp ro x ima te l y 76 % wi t h  pu rpo se fu l  i n t e r ac t i on ,  pa r t i c u l a r ly  
t a pp i n g ,  t o  be  occu r r i n g  i n  t h i s  a ge  g ro up  ( 39 8) .  As  a  f u r t he r  
b as i s  t o  an s wer  t he se  qu es t io ns  our  a im  wa s  t o  a sce r t a i n  t he  
c ur ren t  u sa ge  p r e va l ence  in  our  co ho r t  a nd  t o  qua n t i f y t he  t yp es  
o f  i n t e r ac t i on s  t od d le r s  ha ve  o n  a  da y - t o -da y b a s i s  wi th  




5 . 2 . 3  M et ho d  
P a r en t s  o f  ch i l d r en  a ge d  1 2  m on th s  t o  t h ree  ye a r s  were  a s ked  to  
c ompl e t e  a  pa ren t a l  qu es t io nna i r e  o ve r  a  f i ve  mo nth  pe r io d  f r om 
M a y t o  Sep t embe r  2 01 4 .  A s ur ve y m e th od  wa s  ch o sen  t o  gi ve  an  
i nd ic a t io n  o f  t ouc h - sc ree n  u sage  in  t he  c h i l d ’ s  t yp i ca l  d a i ly  
e n vi ro nme nt .  Rec r u i tm ent  t oo k  p l ace  i n  a  un i ve r s i t y  h o s p i t a l  i n  
b o t h  in -pa t i en t  a nd  ou t -p a t i en t  s e t t i n gs  whe re  a  sampl e  o f  
p a re n t s  o f  t od d le r s  w ere  a pp ro ac hed  b y med ica l  s t a f f  an d  a sked  
t o  pa r t i c ipa t e .  Sam ple  s i ze  wa s  ca l cu la t ed  ba se d  o n  na t io na l  
ce n su s  da t a  fo r  t h i s  a ge  g ro up  a nd  wa s  e s t ima te d  a t  96  ch i ld ren  
( 39 9) .  E t h i ca l  ap pro va l  wa s  rece i ved  f r om  t he  C l in i ca l  Re se a rch  
E t h i c s  C ommi t t ee  o f  t he  Co rk  Te ach i n g  Ho s p i t a l s .  In fo rmed  
c on se n t  wa s  ob t a ine d  f r om e ach  pa re n t  o r  gu a r d i an  ( Ap pe nd ix  
A) .  The  n o ve l  pa ren ta l  que s t io nn a i re  e xami ned  t he  ex po su re  and  
acc es s  t he  ch i ld  had  t o  t o uch -s c r een  t e ch no l o gy,  l e n gt h  o f  u sa ge  
p e r  da y an d  t yp e s  o f  i n t e rac t i on s  wi th  t he  sc reen  i . e .  a b i l i t y  t o  
u n l ock  t he  s c ree n ,  s wip e  t h r ou gh  pa ges  o r  ima ge s  an d  a b i l i t y  t o  
r eco gn i se  an d  i n t e rac t  wi th  s pe c i f i c  t o uch -s c ree n  fea t u re s  s uch  
a s  a pp l i ca t i on  i co n s  f o r  gam es  (S ee  Ap pe nd ix  A. 3 ) .  Pa ren t s  were  
a l s o  a ske d  i f  t he y h a d  d ow nl oa ded  a n y ga me s  o r  a pp l i ca t i ons  
s pe c i f i ca l l y  f o r  t he  ch i ld ’ s  u se .  T he y w er e  n o t  a s ked  to  spec i fy  
t yp e .  Pa r en ta l  occ up a t io n s  we re  u s e d  t o  de t e rmi ne  s oc io -
ec on omic  s t a t u s  (S ES )  u s i n g  the  U K Na t i ona l  S t a t i s t i c s  S oc i o -
ec on omic  c l a s s i f i ca t i on  ( N S -SEC )  th ree  c l a s s  ve r s i on  ( 40 0) .  
T od dle r s  a t  h i gh  r i sk  o f  o r  u nd e r  i n ve s t i ga t io n  f o r  de ve lo pmen ta l  
d e l a y w er e  e xc lu de d .  
R e sp on se s  wer e  ana l ys e d  u s in g  f re que nc y ana l ys i s  a nd  a re  
p re se n ted  a s  m edia n  ( i n t e rq ua r t i l e  r an ge )  a nd  n /n  (% )  a s  
a pp ro pr i a t e .  Spe a rma n’ s  co r r e l a t i on  c oe f f i c i e n t  ( ρ )  wa s  u sed  to  
e xami ne  i f  t i me  s pe n t  o f  t o uch -s c r een  de vi ces  d i f fe red  wi t h  a ge .  
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M an n -Whi t ne y t e s t i n g wa s  u sed  t o  c omp are  i f  a b i l i t y  t o  i n t e rac t  
w i t h  t he  sc ree n  c han ged  wi th  age .  Al l  da t a  ana l ys i s  wa s  ca r r i ed  





5 . 2 . 4  R e su l t s  
Q ue s t io nna i re s  we re  co mple t ed  fo r  9 1  i n fa n t s .  Pa re n t s  o f  f i ve  
f u r the r  i n fan t s  wer e  a pp roa ch ed  b u t  dec l ine d  pa r t i c i pa t i on .  
T he se  ch i ld ren  we re  d ue  fo r  immi nen t  d i sc ha r ge  o r  wer e  fe l t  b y  
t he i r  pa ren t s  t o  be  to o  u n we l l  ( r e sp on se  ra t e  9 5% ) .  N ine  we re  
e xc lu de d  due  to  ex i s t i n g  de ve lop ment a l  c on ce r ns .   
O f  t he  8 2  rem a in i n g ,  4 7 /8 2  ( 57% )  were  ma le .  SE S  wa s  re po r t ed  
f o r  on l y 4 6 /8 2  ( 56 %)  o f  t he  c oh or t ;  o f  t ho se  11 /46  (2 4% )  we re  
N S -S E C 1 ,  1 7 /4 6  (3 7 % )  N S -NEC  2  a nd  1 8 /4 6  (3 9% )  N S -NE C 3 .  
T he  me dian  ( IQ R)  a ge  o f  t o dd le r s  a t  t he  t ime  o f  q ue s t io nn a i re  
w a s  24  ( 20 -3 0)  mo nt hs .   
6 7 /82  ( 82 %) ,  o f  pa re n t s  r ep or t ed  o w nin g  a  t o uc h -sc reen  de v ice .  
5 8 /67  ( 87 %)  o f  t ho se  o w nin g  a  t o uch -s c re en  de v ice  ga ve  the i r  
c h i ld  t h e  de vi ce  t o  p l a y w i t h  fo r  a  cu mula t i ve  t ime ,  median  
( IQ R ) ,  o f  15  ( 9 -26 )  m in u te s  pe r  da y.  U sa ge  t ime  d i d  no t  
c or re l a t e  s i gn i f i can t l y w i t h  a ge  ( ρ  =  0 . 07 9 ,  p  =  0 .5 72 ) .  3 6 /58  
( 62 %)  ha d  d o wnl oade d  a pp l i ca t io n s  spe c i f i c a l l y  f o r  t he i r  ch i ld ’ s  
u se .  5 3 /5 8  ( 91 %)  o f  pa ren t s  who  ga ve  t he i r  ch i l d  a  t o uch -s c re en  
d e vic e  rep or t ed  t ha t  t he i r  ch i ld  co u l d  s wi pe  ac r o ss  t he  s c ree n .  
2 9 /58  (5 0% )  rep or t e d  t he i r  c h i l d  wa s  a b l e  t o  un l oc k  a  t ouch  
s c r een  an d  37 /58  ( 64 %)  fe l t  t he i r  c h i ld  ac t i ve l y l oo ked  f o r  t o uch  
s c r een  fea t u re s .  T he  me dia n  a ge  o f  pe r f o rmi n g  the se  th ree  s k i l l s  
w a s  24  m on th s  ( IQR  o f  i nd i v id u a l  i t em s  d i sp l a ye d  i n  Ta ble  5 . 2 ) .  
Wh i l e  a b i l i t y  t o  s wipe  a nd  ac t i ve  l oo k in g  fo r  t o uc h -sc r een  
f ea tu re s  va r i e d  s i gn i f i c an t l y w i t h  a ge ,  p  =  0 . 03  an d  0 .04  
r e s pec t i ve l y,  ab i l i t y  t o  u n loc k  t he  sc ree n  d i d  no t ,  p  =  0 .1 06 .  
4 2 /58  (7 2% )  fe l t  t he i r  c h i l d  wa s  a b l e  t o  s pec i f i ca l l y  i de n t i f y and  
u se  to uch  s c ree n  f ea tu re s  wi t h  a  me dia n  ( IQ R )  a ge  o f  2 5  (2 1 -31)  
m ont h s  a nd  th i s  s k i l l  s i gn i f i can t l y i mp ro ved  w i th  a ge ,  p= 0. 00 2 .  
O f  no te  19 /58  (3 3% )  o f  t he  to dd le r s  co u ld  p e r fo rm a l l  f ou r  s k i l l s  
a t  a  medi an  ( IQ R)  a ge  o f  2 9  (2 4 -3 2 )  m o nth s .    
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T a ble  5 .2 :  A b i l i t y  t o  i n t e r ac t  w i th  sc ree n  sh o win g  me dia n  age  
( i n  mo nth s )  an d  i n t e rq ua r t i l e  r a nge  f o r  f ou r  s k i l l s :  ab i l i t y  t o  
s w ipe  ac r o ss  sc ree n ,  a b i l i t y  t o  u n l ock  sc re en ,  ab i l i t y  t o  ac t i ve l y  
l ook  fo r  t o uch - sc reen  f ea tu re s  an d  ab i l i t y  t o  i den t i f y  an d  us e  
s pe c i f i c  t ouc h - sc ree n  f ea tu re s .  Di f f e rence  i n  a ge  o f  sk i l l  
a t t a in men t  c a l c u la t ed  b y  Ma nn - Wh i tne y  U  t e s t i ng  a nd  p -v a lues  
a re  d i sp l ayed .   
S ki l l   Me di a n  I QR  p- v a lu e  
Sw i pe  
Y e s  2 4  1 9 .5 ,  30 .5  
0 . 03  
N o 2 0  1 4 .5 ,  22  
U n l oc k 
Y e s  2 4  2 0 .5 ,  31 .5  
0 . 10 6  
N o 2 3  1 8 ,  28 .5  
A ct ive  
L oo ki n g  
Y e s  2 4  2 2 ,  30 .5  
0 . 04  
N o 2 1  1 5 ,  26 .5  
I de n t i fy  a n d 
U s e  
Y e s  2 5  2 1 ,  31 .2 5  
0 .  0 02  





5 . 2 . 5  D i scu s s i on  
We  ha ve  s ho w n t ha t  t ou ch -s c r een  t ec hn o lo gy u s a ge  i n  t h i s  
p o pu la t io n  i s  wi de sp read ,  a l t hou gh  ba sed  on  su b jec t i ve  p a re n ta l  
r ep or t ,  wi th  i n he re n t  r eca l l  an d  r e s po n se  b i a s .  Ch i ld ren  a s  yo u ng  
a s  12  mo nth s  a re  a b l e  t o  u se  such  de v ice s  a nd  b y 2 4  m ont h s  h a ve  
d e ve l op ed  an  a r ra y o f  sk i l l s  t ha t  wo uld  a l lo w  the m t o  in t e rac t  
p ur po se fu l l y  w i th  a  t ou ch sc reen .  The  w or k  p re se n te d  he r e  i s  
l i mi t ed  b y a  p re po nde ranc e  o f  ma le  i n fa n t s  o f  r e sp on de rs  a nd  
i n su f f i c i en t  num be rs  t o  e xp l o re  t he  e f fec t  o f  ge nde r ,  s oc i o -
ec on omic  s t a t us  a nd  ne ur od e ve l op ment  o n  to uch -s c reen  
i n t e r ac t i on .  Al so ,  t he  i n -pa t i e n t /o u t -pa t i en t  s t a t u s  an d  rea so n  fo r  
a dmi s s io n  o r  a t t e nda nce  o f  t he  c h i ld  wa s  no t  r ec or de d .  The re  i s  
t he  p o s s ib i l i t y  t ha t  a  h os p i t a l  b a s ed  sam ple ,  e ve n  i f  t yp i ca l ly  
d e ve l op in g ,  c ou l d  d i f f e r  i n  t h e i r  t ou ch -s c ree n  u sa ge  f rom a  
w i de r  comm un i t y sa mple .  T he  c on te n t  c h i l d re n  a re  i n t e rac t i ng  
w i t h  the n  bec ome s  t he  b i gge r  q ue s t i on .  To uch -s c re en  d e vic es  can  
b e  u sed  a s  po r t a b l e  medi a  p l a ye r s  ma kin g  them  no  d i f fe ren t  f r om 
t e l e vi s i on  an d  wo r r yi n g l y Cr i s t i a  e t  a l .  f ou nd  ph o t o  an d  v ideo  
v i e win g  t o  be  t he  m o st  c omm on  ac t i v i t i e s  pe r f o rm ed  on  to uch -
s c r een  de v ice s  ( 39 8) .  Ma n y ap p l i ca t io n s  de s i gned  f o r  i n fa n t s  a nd  
t od d le r s  a l rea d y ex i s t  bu t  t he re  i s  n o  re gu la t io n  o f  t he i r  qu a l i t y ,  
e duca t io na l  va lue  o r  e ve n  sa fe ty.  S o me  of  t he  i s s ue s  t ha t  a r i se  
w i t h  p as s i ve  wa tc h i n g o f  t e l ev i s io n  s t i l l  ap p l y;  ex po s ure  to  
u n su i t ab l e  m a te r i a l s ,  an d /o r  vi s ua l l y  f a s t -pace d  c on ten t  a nd  
d i sp l ac emen t  o f  o t he r  de ve lop ment a l l y  i mp or t an t  ac t i vi t i e s .  
T ouc h -sc ree n  p l a t fo rm s ,  w hen  us ed  t o  t h e i r  s t r en g t hs ,  o f fe r  
ma n y fea t u r e s  w hic h  d i f fe re n t i a t e  t h em f ro m o the r  f o rm s  o f  
me dia  an d  o f fe r  t he  po te n t i a l  f o r  m or e  po s i t i ve  e f fec t s  (3 92 ) .  
In t e rac t i ve  t ouc h -sc ree n  ap p l i ca t i on s  o f fe r  a  l e ve l  o f  e n ga geme nt  
n o t  p r e vi ou s l y e xpe r i e nced  w i th  o t he r  f o rm s  o f  me dia  a nd  mor e  
a k in  to  t r ad i t i o na l  p l a y.  Th e y ca n  a l s o  ada p t  t o  an  in d i v id ual  
c h i ld ’ s  l e ve l  a l l o w in g  fo r  i nc rea s i n g  com ple x i t y a nd  p r o v id i ng  
p o s i t i ve  feed bac k  f o r  a  t a s k  ac h ie ved .  Th e  imp ac t  o f  t h i s  
 243 
 
w i des pr ead  u se  o f  t o uch -s c reen  t ec hn o lo g ie s  on  ch i ld  
d e ve l op ment  ha s  ye t  t o  be  f u l l y  e va lu a t ed  bu t  a  s tu d y b y Be d f o rd  
e t  a l . ,  20 16 ,  ha s  sh ow n  tha t  ea r l i e r  t o uch -s c re en  u se ,  s pec i f i ca l ly  
s c r o l l i n g  o f  t he  sc ree n ,  wa s  a ss oc i a t e d  w i th  ea r l i e r  f i ne  mot or  
ac h ie vemen t  (4 01 ) .  T he r e  i s  a  ne ed  f o r  f u r the r  s tu d y o n  the  
e f fec t s  o f  ea r l y t ouc h -sc ree n  us a ge  on  o t he r  de ve lo pmen ta l  
d oma i n s  a s  we l l  a s  beha v i our a l  a nd  s oc i a l  fu nc t i on i n g .   
 
T h i s  o pen s  up  the  po t en t i a l  ap p l i ca t io n  o f  t he se  de v ice s  fo r  b o th  
a s se s smen t  o f  de ve l op ment  a nd  ea r l y i n t e r ven t io n  in  h i gh  r i sk  
c h i ld re n .  As  s ho wn  he re  a  t o uch -s c ree n  t e s t i n g  p l a t f o rm  co u ld  be  
f ea s ib l e  an d  a ccep t ab le  f o r  t he se  pu rp o se s  i n  t he  t od d le r  a ge  
g r o up .  Ho we ve r ,  fu r the r  p r o spec t i ve  t e s t i n g  i s  r e qu i red  i n  a  
va r i e t y o f  p op u la t io ns  b o t h  t yp ica l l y  d e ve lo p in g  a nd  t ho se  a t  
r i sk  o f  de ve l opme nta l  de l a y  t o  e xp lo re  t he  t r a j ec to r y o f  
d e ve l op ment  o f  t ouc h -sc reen  sk i l l s  an d  t he  e f fec t s  o f  p a th o lo gy  




6.0  Methodology and Test ing of a Novel  Touch -
Screen Cognitive  Assessment  
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6 .1  Methodology o f  develop ing a touch -screen assessment  
 
6 . 1 . 1  Ai m s  o f  t he  Bab ys c r een  Ap p  
In c or po ra t i n g  th e  e vi denc e  f ro m pr e vi ou s  sec t i on s ,  a  no ve l  
c o gn i t i ve  a s se s s ment ,  r e fe r re d  t o  a s  t he  Bab ys c re en  Ap p ,  was  
d e ve l op ed  w i th  th e  fo l l o win g  key a im s :  
•  T o pe r fo rm t a r ge t e d  c o gn i t i ve  a s se s sme nt  u s i n g to uch -
s c r een  t ec hn o lo gy a t  an  ea r l y a ge  
 
•  T o  pe r f o rm  foc u sed  t e s t i n g  o f  k e y n eu ro ps yc h o l o gi ca l  
c on s t ruc t s :  
o  At te n t i on  
o  Wo r kin g  m emo r y  
o  P r oce s s in g  s pee d  
 
•  T o e xami ne  a  c h i ld ’ s  r e sp on se  to  a  n o ve l  l e a rn in g  e xe rc i s e  
 
•  T o r ed uce  t he  in f lue nce  o f  l a ngu a ge  a nd  mot or  sk i l l s  o n 
p e r fo rman ce  
Lo n g- t e rm  goa l s  o f  t h e  Bab ys c ree n  Ap p  w oul d  be :  
•  T o re mo ve  t he  ne ed  fo r  an  a sse s so r  t o  be  p re sen t  i n  t he  
r oo m t he reb y r ed uc i n g  su b jec t i v i t y  o f  a s se s smen t .  Pre v io u s 
e v ide nce  f r om  de ve l opm enta l  p s yc h o l o gy b y M c Ga r r i gl e ,  
1 9 74 ,  ha s  s ho w n  h ow  e xpe r imen te r / a s se s s or  i n f l uenc e  can  
p ro fo un d l y a f fec t  t he  p e r f o r mance  a nd  beh a vi ou r  o f  yo u n g 
c h i ld re n  (1 87 )  
 
•  T o  be  ca pab le  o f  de t e c t in g  s ub t l e  o r  ea r l y i nd ic a to r s  o f  






•  T o be  p re d ic t i ve  o f  l a t e r  i n t e l l ec t ua l  an d  l ea r n in g  a b i l i t y  t o  
i den t i f y t ho se  a s  r i sk  re qu i r i n g  in t e r ven t io n  
 
•  T o be  u sed  p o ten t i a l l y  t o  mo ni t o r  e f fec t s  o f  i n t e r ven t io n 
a nd  to  t r ack  de ve l opme nta l  t r a j ec t o r i e s  
 
•  U l t i ma t e l y t he  Bab ys c ree n  Ap p  w o ul d  be  de ve l ope d  in to  a  
va l id a t ed  p ro du c t  t ha t  co u ld  p ro v i de  a  m uch  ne ede d  t oo l  
f o r  n eu ro ps yc h ome t r y i n  p re - s cho o l  ch i ld ren .   
 
6 . 1 . 2  P r o t o t yp e  De ve l opme nt  
Fo l l o wi n g  co nce p t  de ve lo pmen t  a nd  re f ine ment  b y m ys e l f  (C . A) ,  
a nd  p r o j ec t  P I  ( D. M) ,  i n i t i a l  co n su l t a t i on  wi th  e xp e r t  ad v i so rs  
o ccu r re d .  T h i s  i n pu t  i nc lu de d  a  c l i n i c i a n  wi th  co n s ide ra b le  
e xpe r i e nce  in  l on g i t ud i na l  fo l low  u p  o f  i n fan t s  ( N. M) ,  a  c l i n i ca l  
p s yc h o l o gi s t  ( C . O ’C ) ,  a  neu ro p syc h o lo g i s t  ( M. de  H)  a nd  e xpe r t s  
i n  t he  com put e r  gami n g  i nd us t r y w i th  co n s ide ra b le  s ucce s s  i n  
d e ve l op in g  i n t e rac t i ve  to uch -s c r een  ga me s  fo r  c h i l d re n  ( He l lo  
Ga me s ) .  Th en ,  i n  pa r tn e r sh ip  w i th  He l l o  Game s ,  we  be gan  
d e ve l op in g  a  p ro t o t yp e  f o r  a  t ab l e t  ba sed  to uc h -sc r ee n 
a s se s smen t .  T he  t eam  a t  He l l o  Ga me s  i nc l ude d  S . M,  mana g ing  
d i rec to r ,  w ho  co n t r ib u te d  t ec hn ica l  e xpe r t i se  an d  o ve r s i gh t ,  a nd  
S . B ,  wh o  ca r r i ed  o u t  t e ch n ica l  de ve lo pme nt  a nd  p ro v i ded  da y - t o -
d a y t ec hn ica l  s up por t .   
 
6 . 1 . 2 . 1  Fe a s i b i l i t y  
Ea r l y d ec i s io n s  pe r t a i n in g  t o  f ea s ib i l i t y  w er e  m ade  C . A wi th  
i np u t  a nd  s up po r t  f r om S. M an d  D .M .  Ha v in g  e s t a b l i sh ed  t he  
w i des pr ead  u sa ge  o f  t ou ch -s c reen  t ech no lo g ie s  i n  t o dd le r s  i n  t he  
s u r ve y s t ud y ( C . A an d  S . D )  d esc r ibe d  i n  Cha p te r  5 ,  we  be gan  to  
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c on s i de r  h ow  t he  use r  i n t e rac t s  ph ys i ca l l y  w i th  a  t ouc h -sc reen  
d e vic e  ( Fig u re  6 . 1 ) .   
 
 
Fi gu re  6 .1 :  T ouc h - sc ree n  ge s t ure s .  Ada p te d  f r om Ka le ,  2 01 6  
( 40 2)  
 
A r ea so na b le  p r o gre s s io n  i n  t e rm s  o f  sk i l l  c om plex i t y i s :  
•  T ouc h  
o  U s in g  ha nd ,  f i n ge r t i p s  an d  i s o l a t ed  ex t en ded  in de x 
f in ge r  
•  Ta p ,  h o ld /p re ss  
•  S w ip e   
•  Ho l d  an d  d ra g  
•  S p rea d /zo om  –  f i n ge r s  m o vi n g  in  s yn c hr on y b u t  i n  o pp o s i t e  
d i rec t io n s  
Az i z  e t  a l ,  i n  a  co nfe renc e  pape r  a t  t h e  Sc i e nce  an d  In fo rma t i on  
c on fe re nce  in  2 01 3  p re se n te d  t he i r  s t ud y o f  3 7  c h i l d re n  a ge d  t wo  
t o  fo ur  ye a r s  (4 03) .  The  ch i ld r en  w ere  rec or ded  p l a yi n g  wi th  
d i f fe re n t  a pp l i ca t i on s  dema ndin g  va r yi n g  t ouc h  ge s t u r e s .  T he y 
f ou nd  th a t  a l l  t wo  yea r  o ld s  cou ld  t ap  an d  d ra g / s l i d e ,  a l l  t h ree  
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ye a r  o l d s  co u l d  t a p ,  d r a g / s l i de  a nd  d r a g &  d ro p ,  w hi l e  f ou r  yea r  
o ld s  we re  ab l e  t o  s ucce s sf u l l y  u s e  the se  ge s t u r e s  a s  we l l  a s  f r ee  
r o t a t e ,  p i nch ,  f l i ck  an d  s p rea d .  T he  pu rp o se  o f  t h i s  p re se n ta t i on  
w a s  t o  op t imi se  ap p  d es i gn  f o r  t h i s  a ge  g r ou p  bu t  i t  i s  a l so  
r e l e van t  f o r  t e s t i n g .   
Fo r  o u r  pu rp os es ,  i t  wa s  de c ide d  to  l i mi t  t he  re qu i reme nt  f o r  
m ore  c omp lex  t ouc h -sc reen  ges t u re s  i n  t he  p ro t o t yp e  a nd  to  
p ro gr e s s  t he  c om plex i t y s l o wl y t h r ou gh  t he  t a s k s .  Fi r s t l y ,  t ouc h ,  
a nd  t hen  t o  i nc or po ra t e  so me  req u i reme nt  t o  s wip e  an d  d ra g .  In  
c on s i de r i n g  th e  t ouc h  ge s tu re ,  t h e  n eed  to  en s ure  s ome  de gree  o f  
i n t en t io n  t o  t he  c h i l d ’ s  ge s tu re  wa s  c on s ide red .  T he re fo re ,  t he  
t ouc h  re qu i rem ent  wa s  ma de  i n to  a  b r i e f  ho ld .  Th i s  s peak s  t o  t he  
c ha l l e n ge s  o f  sc r een  sen s i t i vi t y  f o r  pa r t i c ip an t  en ga gemen t  
d i scu s sed  i n  sec t io n  5 . 1 . 4 .   
T h i s  fu nc t i on a l i t y  w o ul d  be  be s t  s e r ved  b y a  m ul t i - t o uch  ca pa b le  
s u r fa ce .  At  t h i s  s t a ge  the  Ap ple  iP ad  1  wa s  se l ec t e d  a s  t he  p i lo t  
p l a t f o r m fo r  t he  p r o t o t yp e .   
Wh i l e  some  m oto r  i n t e rac t i on  w i th  th e  sc reen  i s  a t  p r e s en t  
u na vo i dab le  t h i s  r e pre se n t s  a  va s t l y  re duce d  r eq u i re ment  o f  
c ompl ex  f i ne  mot or  ab i l i t i e s  t o  ac h ie ve  a  co gn i t i ve  t a s k .   
Fo r  t he  p ur po se s  o f  i n i t i a l  t e s t i ng ,  p r o to t yp e  t a sk s  wer e  de s i gned  
t o  s u i t  ch i ld ren  f r om  1 2  m on th s  t o  t h re e  ye a rs .  Th ou gh  c h i ld ren  
a s  yo u n g  a s  1 2  mo nth s  wo ul d  n o t  b e  t e s t ed  on  t he  ap p l i ca t ion ,  
c on s i de ra t io n  wa s  gi ven  t o  t e s t i n g  c h i l d re n  o f  1 8  m ont h s  w ho  
mi gh t  ha ve  de f i c i t s  i n  t he  t e s t i ng  d oma i n s .   
O ne  o f  t he  o t he r  co ns ide ra t i on s ,  w a s  the  fea s ib i l i t y  o f  one  o f  t he  
o the r  goa l s  o f  t h i s  a s se ss ment ,  t ha t  o f  r em o vin g  the  a s se s s or  
f ro m  t he  r oom .  I t  wa s  de t e rmi ned  f o r  i n i t i a l  t e s t i n g  tha t  an  
a s se s so r  wo uld  be  req u i red  to  adm in i s t e r  t he  a pp  t r a ns i t i o n  
b e t ween  sc r een s  w he n  a pp ro pr i a t e  a nd  t e r mina te  t he  t e s t .  When  
f u r the r  da t a  ha s  bee n  c o l l ec t ed  f u r t he r  a u tom a t io n  c ou ld  be  
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i n t r od uce d  to  r ed uce  th e  nee d  f o r  a s se s so r  p re senc e  to wa rds  
ze ro .   
T ho u gh  th e  in t en t io n  o f  t he  Ba b ys c reen  App  i s  t o  s pec i f i ca l ly  
f oc us  o n  t he  a b i l i t i e s  o f  a t t e n t i on ,  wo rk i n g  mem or y a nd  
p ro ce ss in g  sp eed s  we  a re  a wa re  t ha t  t he re  ma y be  be ne f i t s  t o  t he  
a s se s smen t  o f  o t he r  c o g n i t i ve  a nd  d e ve l op ment a l  d oma i ns .  
Li k e w i se ,  t h e s e  ma y b e  t e s t ed  u s i n g  a  t ouc h -sc ree n  f o rm a t .  
P o s s i b l e  e vo lu t io n s ,  ad d i t i on s  a nd  ada p ta t io ns  o f  t he  ap p  a re  
d i scu s sed  l a t e r  i n  sec t i on  6 .2 .5 .2  on  fu tu re  w or k .    
 
6 . 1 . 2 . 2  Ea r l y Ta s k  De ve lo pme nt  
Ea r l y t a sk  de ve l opme nt  w a s  co nce i ve d  b y C . A,  S . M an d  D. M .  In  
o rd e r  t o  mee t  o ur  go a l s  o f  t e s t i n g  u s i n g  a  no ve l  l e a r n i ng  
e xpe r i e nce ,  i t  wa s  dec ide d  t o  de ve l op  t a s ks  u s i n g  ba s i c  
ge ome t r i c  sh ape s .  T he r e  w oul d  be  a n  i n i t i a l  i n t ro duc to r y p h a se  
o f  f ami l i a r i sa t io n  to  a l l ow  the  c h i ld ,  pa r t i cu l a r l y t ho se  wi t h  no  
o r  min i ma l  p r io r  t ouc h  sc ree n  ex p os ure ,  t o  bec ome  a ware  o f  t he  
ca u se  a nd  e f fe c t  n a tu re  o f  t ouc h in g  t he  sc r een  a nd  ge t t i n g  a  
r e s po n se .  T h i s  w as  ac h ie ved  t h r ou gh  a  ‘ r u l e  l ea r n i n g’  
d emo n st ra t io n .  I t  wa s  dec ide d  t ha t  t he  goa l  o b jec t  t o  ac h ie ve  
eac h  t a s k  wo ul d  be  to  p re ss  and  h o ld  a  s t a r .  Ho w e ve r ,  t he  s t a r  
w o ul d  re qu i re  a  p ro gre s s i ve l y c ompl i ca t e d  a pp roac h  t o  acc es s .  
In i t i a l l y ,  i t  w oul d  be  th e  s o l i t a ry t a r ge t  a va i l a b l e  a nd  w ou ld  t hen  
a ppea r  i n  t he  p re se nce  o f  d i s t r ac t o r  s t a r s ,  whi ch  w oul d  l a t e r  be  
h id den  an d  f ina l l y  i t  wo ul d  b e  on l y acce s s ib l e  t h r ou gh  t r i gge r i ng  
a no t he r  o b jec t .   
Ta s ks  were  de ve lo pe d  b y C . A t o  h a ve  face  va l id i t y  f o r  t e s t i ng  
t he  t h re e  ke y ne ur op s yc h o lo g ica l  c on s t ruc t s  o u t l i ned  ab o ve :  
a t t en t i on ,  wo rk i n g  memo r y an d  p ro ce ss in g  spee d .  A s t o r y b oa rd  
f o r ma t  wa s  u se d  t o  op t imi se  the  o rd e r  an d  p r o gre s s io n  o f  t a sk s .   
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An  in i t i a l  se r i e s  o f  19  t a sk s  wer e  ch o sen  to  com mence  p ro t o t yp e  
t e s t i n g .  ( P l ea se  see  sec t io n  6 . 1 .3  f o r  f i gure s  o f  a pp  t a sk s )  
 
6 . 1 . 2 . 3  Ac ce p ta b i l i t y   
Ac ce p ta b i l i t y  o f  t he  a pp  p ro t o typ e  to  t od d le r  a ge  c h i ld re n  was  
d e t e r mine d  o ve r  a  f i ve  m ont h  p r o t o t yp e  t e s t i n g  pha se  o ccu r r i ng  
s im ul t a neo u s l y w i th  t he  su r vey s t u d y o u t l i ne d  i n  Cha p te r  5 .  
P a r en t s  o f  ch i ld ren  a ged  12  mo nt hs  t o  t h ree  ye a r s  were  
a pp roac he d  f o r  pa r t i c ipa t io n  (S . D) .  In f o rm ed  c on se n t  wa s 
o b ta i ne d  fo r  ob se r va t io n  o f  t he  ch i ld  i n t e rac t in g  wi th  the  a pp  
p ro to t yp e  a nd  fo r  v id eo - rec or d in g  f o r  r e vi e w  ( se e  Ap pe nd i x  A) .  
E t h i ca l  ap pr o va l  wa s  p r o vi de d  b y t he  C l in i ca l  R es ea rc h  E t h i c s  
C omm i t t ee  o f  t he  C or k  Teac h i ng  Ho s p i t a l s .  Fo l l o win g  ea c h  wee k 
o f  t e s t i n g  S . D  fed  back  t o  C . A an d  D. M,  v id eo s  were  re vi ew ed  
a nd  a re as  f o r  im pr o vem ent  were  ide n t i f i ed  a nd  d i sc u ss ed .   
D u r in g  th i s  p ro t o t yp e  t e s t i n g  p ha se  we  foc u sed  o n  the  q ua l i t a t i ve  
r e s po n se  o f  t he  ch i ld ren  to  t he  a pp  t a sk s ,  pa r t i cu l a r l y t he  
t ec hn ica l  a spec t s .  C h i l d re n  w er e  ob se r ve d  f o r  em ot io na l  
r e s po n se  to  t a s k s ,  be ha v io ura l  r e sp on se s  t o  t a sk s  i . e .  i f  c h i l d ren  
w er e  re pea t e d l y maki n g the  same  e r r o r  on  a  pa r t i c u l a r  t a sk  an d  
ge ne ra l  i n t e re s t  an d  e n ga geme nt .   
D u r in g  th i s  pha se  no  s t a nda rd i se d  cu t -o f f s  we re  im po se d  o n  the  
c h i ld re n’ s  pe r fo rma nce .  C h i l d ren  were  a l l o wed  to  p roce ed  w i th  
eac h  t a s k  to  com ple t i on  o r  v i s ua l  de mo ns t ra t i on  re qu i reme nt .  
T he  re qu i reme nt  f o r  a  v i sua l  dem o  w ou ld  b e  de t e rmi ned  b y t he  
c h i ld ’ s  b eha v io ur .   E xam ple s  i n c lu ded  pe r s i s t en t  l o ok in g  f rom 
t he  de v ice  t o  t he  gua r d i a n  o r  a s s e s so r ,  f ru s t ra t i on  wi t h  d e vice ,  
p u t t i n g  do wn  t he  de v ice  in d ica t i n g  lo s s  o f  i n t e re s t ,  o r  gi v i n g  a  
ve r ba l  r e s po n se  to  o f fe r  o f  he lp  w he r e  the  c h i l d  w as  c apa b le .  
V e r ba l  enc ou ra geme nt  c ou l d  be  g i ve n  b y pa ren t  a nd  a s se ss or  b ut  
p a re n t s  wer e  a ske d  no t  t o  ac t i ve l y a s s i s t  t he i r  c h i ld  i n  
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c ompl e t in g  th e  t a sk .  The  a dmin i s t ra t i o n  o f  t he  t e s t  w oul d  be  
d i sco n t in ue d  on l y i f  t he  ch i ld  b ecame  u ps e t  o r  pe r s i s t en t ly  
r e f us ed  to  en ga ge  an d  wa s  no t  a u t oma t i c a l l y  a f t e r  a  pa r t i cu l a r  
n um ber  o f  f a i l e d  t a s k s ,  i . e .  n o  d i sc on t i nu a t io n  ru l e  wa s  imp o sed .   
5 1  c h i l d re n  we re  ob se r ve d  i n t e rac t in g  wi t h  t he  Bab ys c ree n  Ap p  
p ro to t yp e .   
Q ua n t i t a t i ve  da t a  ca nn o t  be  p ro v i ded  f o r  t h i s  p ha se  o f  
d e ve l op ment  a s  t a sk s  were  mo di f i ed  on  a  r e gu la r  b as i s  i n  t e rms  
o f  b o th  c on te n t  an d  qu a l i t y .  T h i s  wa s  a  q ua l i t a t i ve  p ha se  o f  
d e ve l op ment .  
 
6 . 1 . 2 . 4  Ap p  i t e ra t io n  
T hr ou gh out  t he  ab o ve  p r o t o t yp e  t e s t i n g  p ha se  t he re  wa s  an  
o n go i n g ,  fo r tn i gh t l y,  f ee dba ck  an d  i t e r a t io n  p r oce s s  w i th  ou r  
c o l l a bo ra to r s  a t  He l lo  Ga me s  (C . A,  D .M ,  S . B ,  S . M ) .  T h i s  
i t e ra t i on  c yc l e  o f  s ho r t  t e s t i n g  ph as e ,  f e ed back ,  mo di f i ca t i on  and  
r epea t  i s  a  w ide l y u s e d  p roce s s  i n  com pu te r  game  d e ve l op ment  
( 40 4) .   
S o me  o f  t he  mo st  s i gn i f i can t  o r  cha l l en g in g  m odi f i ca t io n s  tha t  
a ro se  d ur i n g  th e  i t e ra t i on  p ro ce ss  i nc l ude d :   
•  Tim in g  o f  h o ld  –  t h i s  c onc e r ned  f in d i n g  the  o p t ima l  t i me 
r eq u i re ment  f o r  t he  ch i ld  t o  h o ld  d o wn  the  s t a r  i n  o rde r  t o  
e l i c i t  a  r e s po ns e .  Th e re  wa s  a  d i f f i cu l t  ba l a nce  t o  be  
s o u gh t  be t we en  en s ur i n g  a  h o l d  wa s  in t en t io na l  an d 
r ed uc in g  f ru s t ra t i o n  a s  r e su l t  o f  n on - re s po ns i ve ne s s .  As  
w e l l  a s  mo di f yi n g  re sp on se  t ime  we  a l s o  inc or po ra t e d  a  
b u i l d i n g c o l ou r  a nd  no i se  t h ro u gh  t ou ch  an d  o p te d  t o  
p e rmi t  mul t ip l e  qu ick  t ouc he s  w i t h in  t he  r ad i u s  o f  s t a r  a s 
w e l l  a s  a  l on ge r  h o ld  t o  p r o voke  a  re sp on se  
•  In t ro duc t io n  o f  f ace  fea t u r e s  –  d ue  to  i n i t i a l  i s su es  wi t h  
e n ga geme nt ,  t h e  i n t r od uc t i on  o f  f ac i a l  f ea tu re s  t o  t he  
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ge ome t r i c  sha pe s  wa s  t e s t ed .  Th i s  i nc lu ded  e ye s  t ha t  
b l in ked  a nd  a  ba s i c  sm i l in g  mo uth  sha pe .  C h i l d 
e n ga geme nt  imp ro ved  d rama t i ca l l y  w i th  t he se  ad d i t i on s .  
T he re  ma y b e  c once rn  t ha t  ch i l d re n  wi th  fa ce  p r oce s s i n g 
d i f f i cu l t i e s  ma y be  d i sa d va n ta ge d  th ou gh  no t  s pec i f i ca l l y  
d e t ec t e d  b y t h i s  a l t e ra t i on  (2 09 ,  40 5 ,  40 6) .  We  a t t em pted  
t o  ne ga te  t h i s  b y i n t r od uc i n g a  ru l e  c han ge  t a s k  tha t  
s h i f t e d  face  f ea tu re s  t o  t h e  no n -t a r ge t  ob j ec t ,  see  ta sk  n ine  
b e lo w i n  t a sk  de sc r ip t io n s .  Fu r the r  t a s k s  c ou l d  a l s o  be  
a dde d  to  ex amin e  face  p ro ces s i n g  sk i l l s  s pec i f i ca l l y ,  s ee  
f u tu re  w o rk .   
•  P o si t i ve  re i n f o rcem ent  on  su cce s sf u l  c ompl e t io n  o f  t a sk -  
b e t ween  t a s k s  v i sua l  s t i mula t io n  o f  ba l l oo n s  r i s i n g  u p 
t h r ou gh  a  t r an s i t i on  sc reen ,  an d  p os i t i ve  m u sic  wa s 
i n t r od uce d  t o  im pr o ve  e n ga geme nt  an d  mot i va t io n .  Fo r  
m ore  c ompl ex  t a sk s ,  i n - t a sk  n o i se s  w ere  i n t r od uced  t o 
p ro mote  i n t e r ac t i on .   
•  M o di f i ca t i on  o f  t a sk  co n ten t s  –  du r in g  i t e ra t i on  the  l en g th  
o f  a s se s sme nt  wa s  deem ed  to o  l on g ,  t h ou gh  ge ne ra l l y  l e s s 
t han  1 0  mi nu t e s ,  t h i s  wa s  ev i de n t  b y f req uen t  e a r l y 
t e rmi na t i on  o f  a s se s sme nt  due  to  l o s s  o f  i n t e re s t  on  v ide o 
r e vie w .  Where  po s s i b l e  t a s k s  w er e  re mo ved  i f  deeme d  t o 
b e  repe t i t i o u s  o r  mo di f i ed  to  add  va r i a t i o n .  Th i s  wa s  b as ed  
o n  face  va l id i t y  o f  c on s t ruc t s  i nc l ude d .   
 
6 . 1 . 2 . 5  Fi n a l  e va l ua t i on  an d  S O P de ve lop me nt  
Fo l l o wi n g  ap p  i t e ra t io n  i t  was  ap pa re n t  t ha t  ma n y ch i ld ren  
r eq u i re d  a  d emo n st ra t io n  t o  i n d ica t e  ho w  a  t a s k  wa s  pe r f o rmed  
i n  o r de r  t o  ac h ie ve  i t .  I t  wa s  de t e rm ine d  tha t  a f t e r  a  g i ven  
t i mef rame  whic h  a l l owe d  f o r  a  f i r s t  a t t em pt ,  c h i l d re n  co u ld  be  
o f f e re d  a  demo n st ra t io n  i n  a  “ dem o mo de”  w hich  w oul d  b e  
t r i gge r ed  b y t he  a s se ss or .  The r eb y,  t h e  dem on st ra t io n  b y t he  
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e xami ne r  w oul d  no t  be  c ou n ted  a s  pa r t  o f  t he  c h i l d ’ s  o ve ra l l  
a t t empt .  Af t e r  a  d emo n st ra t ion  the  c h i l d  co u ld  t hen  make  a  
s ec on d  a t t em pt  t o  c omple t e  t he  t a s k .  I f  t he y f a i l ed  t o  do  so  a f t e r  
a  fu r the r  t im ef rame  t he  a s se s sor  co u ld  t r i gge r  t he  ap p l i ca t io n  to  
p ro ceed  to  t he  nex t  t a sk .  I f  t he  a pp  i s  p r o gre s sed  m an ua l l y t o  t he  
n ex t  t a s k  t he re  i s  no  t r a ns i t i ona r y s c reen  o f fe r in g  p o s i t i ve  
r e in fo rceme nt  a s  o u t l i ne d  a bo ve .  
T he  t im ef rame s  f o r  t he  f i r s t  an d  sec on d  a t t e mpt  a l l o wa nce s  we re  
d e t e r mine d  b y v i d eo  r e vie w ( C. A) .  1 0  vi deo s  o f  ch i ld re n 
p e r fo rmin g  t he  a pp  were  a va i l ab l e  whe re  a l l  t a s ks  w ere  
a t t empt ed  an d  a l l  a t t empt s  wer e  v i s i b l e  t o  t he  cam era .  Fo r  each  
t a s k  t he  t ime  t o  com ple t i on  on  eac h  a t t e mpt  wa s  n o te d ,  a s  we l l  
a s  t ime  t o  d i s t r ac t i on ,  i . e .  t he  ap p  wa s  p u she d  a wa y o r  
p a re n t /a s se s so r  wa s  a ske d /ges tu r ed  t o  h e lp .  T ime  f r ame s  t o  t he  
n ea re s t  f i ve  seco nd s  were  d e t e rmi ned  be t ween  t he  up pe r  r an ge  o f  
t a s k  c omp le t i on  t ime s  an d  t he  low er  r an ge  o f  d i s t r ac t i on  t im es .   
P r io r  on  the  o n se t  o f  t he  p i lo t  t e s t i n g  pha se ,  a  s t a nda rd i se d  
o pe ra t i n g  p ro ced ure  wa s  de ve l op ed  f o r  t e s t i n g  ( C . A) .  Th i s  w ould  
a l l o w a l l  p i l o t  pha se  t e s t i ng ,  a nd  t e s t i n g  c on t r ib u t i n g t o  
n or ma t i ve  da t a  co l l ec t i on  t o  be  ca r r i e d  o u t  i n  a  u n i f o rm  man ne r  
t o  r ed uce  the  i n f l uenc e  o f  p o ten t i a l l y  b i a s in g  fac t o r s .   
T he  fo l lo wi n g  in s t ruc t io n s  we re  p ro v i ded  f o r  t e s t i n g :  
 
E n vi ro nme nt :  
▪  Q u ie t  ro om  
▪  M i nimu m ou t s i de  no i s e  
▪  Tem pe ra tu re  re gu la t ed  ( 23  de gree s  on  a u to  se t t i n g  o f  a i r  
c on d i t i on i n g  o r  e qu i va l en t )  
▪  Wi nd o w ( I f  p re se n t )  c l os ed  w i th  b l i nd s  sh u t  
▪  Am b ien t  e l e c t r i c  l i gh t in g  
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▪  Ap p r op r i a t e  s i ze d  t a b l e  ( see  p i c t u re s ) ,  s i n g le  ch i l d  
a pp ro pr i a t e  c ha i r  wi t h  one  p a re n t /gua rd i an  s i t t i n g  ad jacen t  
a nd  a ss e s s or  s i t t i n g  o pp o s i t e  
o  Ta ble  s pec i f i c a t io ns :  C omm un i ty P l a yt h in gs  
M u l t i t a b l e  (5 6  x  11 2  cm)  wi th  me dium  a d ju s t a b le  
l e gs  se t  t o  l ow es t  l e ve l  ( a pp ro x .  4 0cm)  D2 43  
o  C ha i r  s pec i f i ca t i on s :  C omm uni ty P l a yt h in gs  2  x  l ow  




Fi gu re  6 .2 :  Te s t i ng  E nv i ro n ment .  Or i g i na l  ph o t o grap h .  Ph o to  
c red i t :  Ca r o l i ne  Ah ea r ne  
▪  O ne  C hi l d ,  o ne  pa ren t /gu a r d i an  a nd  a ss e s s or  o n l y p re se n t  
i n  ro om  
▪  N o  o the r  t o ys  p re sen t  
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▪  i P AD  t o  be  p l ac ed  f l a t  on  t ab l e  w i t h  do ub le - s id ed  
t a pe /a dhe s i ve  to  secu re  iP AD  to  t ab l e  
▪  C hi l d  mu st  be  s i t t i n g  o n  o wn  cha i r  f ac i n g  the  t a b l e  w i th  
b o t h  han d s  f ree  
 
Te s t i n g :   
▪  S e t  vo lu me  t o  a pp ro x .  7 0%  o f  ma x  
▪  E nabl e  “ gui de d  acc es s”  t o  r e s t r i c t  ch i ld  f rom  c l o s in g  do w n 
a pp l i ca t i on  
o  T hi s  p re ven t s  t he  c h i l d  u s in g  t he  h ome  bu t to n  t o  
n a vi ga t e  a wa y f rom  t he  t e s t i n g  ap p l i c a t io n  
▪  E nte r  d emo gra ph ic  i n f o rm a t io n  
▪  N o te  Un iq ue  S t ud y ID  ge ne ra t e d  fo r  l i n k in g  wi th  vi deo  a nd  
o the r  t e s t i n g  rec ord s  
o  An  an on ym i se d  s t ud y ID  u n i que  t o  ea ch  de v ice  i s  
ge ne ra t e d  wi t h  e ach  ne w  t e s t  
o  A u n iq ue  de vi ce  ID  a l l o w s  fo r  da t a  r e t r i e va l   
▪  P r ocee d  t o  Sc ree n  1   
i Pa d  s i gna l s  a t  1 0s  f o r  v i s ua l  dem on st ra t i on  (c or ne r s  l i gh t  u p  
m ul t i -co l ou re d) ,  a s se s so r  sa yi n g  “ Le t  me  s ho w  yo u” ,  ac t i va t e s  
“ demo -m ode”  b y p re s s i n g  d i a gon a l  c o r ne rs  ( see  Fi gu r e  6 . 3 ) ,  
d emo n st ra t io n  c om ple t e d  wi t h  de v ice  in  “de mo -mo de”  an d  t a s k  




Fi gu re  6 .3 :  Tec hn iq ue  t o  t r ig ge r  a pp  de mo n s t ra t io n .  Or i g ina l  
D ia gram .  Cr ed i t :  S t e ve  Bu r ge s s  ( He l lo  Game s)  
Af t e r  f u r t he r  s i gna l  a t  10 s  (c or ne rs  l i gh t  u p  b l ue ) ,  p r ocee d  t o  
n ex t  t a sk  i f  t a s k  no t  c ompl e t ed  b y p r e s s i n g  t wo  a d jace n t  c o r ne rs  
( se e  Fi gu r e  6 . 4 )  
 
Fi gu re  6 .4 :  Tec hn iq ue  t o  t r ig ge r  sc re en  s k ip .  O r i gi na l  Dia gram .  
C re d i t :  S t e ve  Bur ge s s  ( He l l o  Game s )  
▪  P r ocee d  t o  s ub se que n t  t a sk s  
D em on st ra t i on  a f t e r  20 s  s i gna l  i f  t a s k  no t  co mple t ed  sa yi n g  “ Le t  
me  sh ow  yo u ” ,  ac t i va t e  “de mo -m ode”  a s  ab o ve ,  v i sua l  
d emo n st ra t io n  c a r r i ed  o u t  i n  “dem o -m ode ” ,  t a sk  re pea t s   
Af t e r  2 0s  f u r the r  p r ocee d  t o  nex t  t a sk  i f  n o t  com ple t ed  b y 
p re s s in g  tw o  ad ja cen t  co rn e r s ,  (S ee  Fi gu re  6 .4 )  
▪  E nd  t e s t  i f  ch i ld  u nha pp y o r  d i s t r e s se d  in  an y w a y b y 
c on t i nu in g  b y p re ss in g  a l l  fo ur  c or ne r s  s imul t ane ou s l y ( s e e  
Fi gu r e  6 . 5 )  




Fi gu re  6 .5 :  Tec hn iq ue  t o  t r ig ge r  a pp  to  q u i t .  Or i g i na l  Di a gram.  
C re d i t :  S t e ve  Bur ge s s  ( He l l o  Game s )  
 
▪  N o n -d i r ec t i ve  e nco ur a geme nt  and  p ra i se  a l l o wed  to  
m ot i va t e  a s  r eq u i re d :  
o  “T ha t  w as  a  d i f f i c u l t  o ne ,  l e t ’ s  t r y  t he  ne x t  o ne”  
o  “ We l l  do ne ,  goo d  jo b”  
▪  Wh en  n o t  pe r f o rmi n g  a  v i su a l  dem on st ra t i on  o r  p r o gre s s in g  
t o  nex t  t a s k ,  a vo id  a n y d i rec t i ve  ge s t u re s  a t  t he  sc ree n  tha t  
mi gh t  p ro v i de  h in t s  e t c .    
 
Fo r  e ach  t e s t  an  o u tp u t  exce l  f i l e  w as  gen e ra t e d  on  com ple t io n .  
T h i s  c ou l d  be  acce s sed  d i rec t l y  f ro m t he  iP ad  vi a  iT une s  o r  
c ou l d  be  acce s sed  f rom  a  cen t ra l  se r ve r  f o l lo we d  da t a  u p lo ad  
o ve r  Wi - Fi .  Ava i l ab l e  ou t pu t  pa r ame te r s  wer e  a s  f o l lo w s :  
▪  Wa s  t e s t  qu i t ?  ( y/n )   
▪  1 s t  At t em pt  In t e r va l  (m s )   
▪  1 s t  a t t empt  c ompl e t ed ?  ( y/n )  
▪  1 s t  a t t empt  sk i pp ed ?  ( y/n )   
▪  1 s t  a t t empt  t im e  (m s)   
▪  1 s t  a t t empt  d emo ?  ( y/n )   
▪  1 s t  a t t empt  d e l a y t o  demo  ( ms )   
▪  1 s t  a t t empt  se l ec t io n  b i a s   
▪  2 n d  a t t empt  In t e r va l  ( m s)   
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▪  2 n d  a t t empt  c ompl e t ed ?  ( y/n )   
▪  2 n d  a t t empt  sk i pp ed  ( y/n )   
▪  2 n d  a t t empt  t im e  (m s)   
▪  2 n d  a t t empt  se l ec t io n  b i a s  
 
 
6 . 1 . 3  Ta s k  De sc r ip t io ns  
D e sc r ip t i on s  o f  t a sk s  i nc l ude d  in  p i lo t  t e s t i n g  i nc l ud i n g  a  p r io r i  
c on se ns u s  co n s t r uc t  l a be l l i n g ,  a s  a g ree d  b y C . A a nd  C . W,  a r e  a s  
f o l l o w s :  
 
Fi gu re  6 .6 :  B ab ys cr een  Ta sk  1 .   
T a s k 1  
D e scr i pt i on :  A go l d  s t a r  wi th  a  s mi l i n g  fa ce  i s  p re se n ted  on  the  
i Pa d  sc reen  a nd  th e  ob je c t i ve  i s  t o  i n t e rac t  wi th  t he  s t a r  b y t ouch  
u n t i l  i t  d i sap pea r s .  Th e  t a sk  p r ov i de s  a  ru l e  l ea rn i n g t a sk  fo r  t he  
p a r t i c ipa n t .   





Fi gu re  6 .7 :  B ab ys cr een  Ta sk  2  
T a s k 2   
D e scr i pt i on :   T wo  go ld  s t a r s  a re  p re se n te d  on  s c ree n  a nd  t he  
o b jec t i ve  i s  t o  i n t e rac t  wi t h  b o t h  b y t ou ch  u n t i l  t he y d i sa ppea r  
f ro m t he  sc ree n .  Ta sk  t wo  co nf i rm s  ru l e  c omp rehe n s ion ,  
i nc re as in g  t he  nu mbe r  o f  i n t e rac t i ve  s t imu l i .  
C on s t r uc t :  Pr oce s s i n g  s pee d ,  a t t e n t i on ,  sh or t - t e rm  mem or y  
 
 
Fi gu re  6 .8 :  B ab ys cr een  Ta sk  3  
T a s k 3  
D e scr i pt i on :   O ne  go ld  t a r ge t  s t a r  wi t h  t wo  p l a i n  b l ue  s t a r s  
w i t ho u t  smi l i n g  face s  a re  p re se n ted .  T he  b lue  s t a r s  se r ve  a s  
d i s t r ac t o r s  f o r  t he  p a r t i c ipa n t .  T he  o b jec t i ve  i s  t o  i n t e rac t  wi th  
t he  go l d  s t a r  b y t ouc h  un t i l  i t  d i s ap pea r s  f r om t he  sc ree n .   
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C on s t r uc t :  Se l ec t i ve  a t t e n t i on ,  w or k in g  mem or y,  p roc es s i ng  
s pe ed  
 
 
Fi gu re  6 .9 :  B ab ys cr een  Ta sk  4  
T a s k 4  
D e scr i pt i on :   Nin e  s t a r s  a re  p r e s en te d  i n  a  3x 3  g r id ,  e i gh t  o f  
w h ich  a re  p l a in  b l ue  s t a r  d i s t r ac t o r s  an d  one  go ld  t a r ge t  s t a r .  
T he  o b jec t i ve  i s  t o  l oc a t e  t h e  c or rec t  t a r ge t  s t a r  a nd  i n t e r act  
w i t h  t h e  go ld  s t a r  un t i l  i t  d i s ap pea r s  f rom the  sc reen .  T he  
p ur po se  o f  t h i s  t a s k  i s  t o  i d en t i f y i f  t h e  pa r t i c ipa n t  can  
s e l ec t i ve l y a t t en d  t o  t h e  co r re c t  t a r ge t  s t a r  a nd  i nh ib i t  f r om 
i n t e r ac t i n g wi t h  t he  p l a i n  b lue  t a r ge t  s t a r s  a s  ac h ie ved  in  t he  
p r i o r  t a sk  b u t  wi th  i nc rea s i n g  d i s t r ac to r s .  
C on s t r uc t :  Se lec t i ve  a t t e n t i on ,  w or k in g  mem or y,  p roc es s i ng  





Fi gu re  6 .1 0:  Ba by sc ree n  T as k  5  
T a s k 5  
D e scr i pt i o n :   29  b lu e  d i s t r ac t o r  s t a r s  an d  o ne  t a r ge t  go l d  s t a r  
a re  p re se n te d  i n  a  6 x5  g r i d  f o r ma t i on .  T he  ob jec t i ve  i s  t o  
i n t e r ac t  wi t h  t he  t a r ge t  go l d  s t a r  b y t ou ch  un t i l  i t  d i sa ppe a rs  
f ro m t he  sc ree n .  As  ab o ve  wi t h  a ga in  i nc rea s i n g  d i s t r ac to r s .  
C on s t r uc t :  Se l ec t i ve  a t t e n t i on ,  w or k in g  mem or y,  p roc es s i ng  
s pe ed  
 
Fi gu re  6 .1 1:  Ba by sc ree n  T as k  6  
T a s k 6   
D e scr i pt i on :   30  s t a r s  a re  p re se n ted  i n  a  6 x5  g r i d ,  2 9  o f  w hich  
a re  go l d  s t a r s ,  o ne  i s  a  b l ue  t a r ge t  s t a r .  P r io r  t o  t h i s  t a sk ,  
c o r rec t  r e sp on se s  req u i re d  i n t e rac t io n  wi th  the  go ld  t a r ge t  s t a r .  
T he  p urp o se  o f  t h i s  t a sk  i s  r u l e  r e ve r sa l  i n  o rd e r  t o  m eas ure  
c on s t ruc t s  o f  ab i l i t y  i n  sh i f t i ng  a t t e n t i on .  T he  ob je c t i ve  i s  t o  
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i n t e r ac t  wi th  t h e  b lue  t a r ge t  s t a r  b y t ouc h  un t i l  i t  d i sap pea rs  
f ro m t he  sc ree n .   
C on s t r uc t :  Ru le  c han ge ,  sh i f t ,  p ro ce ss in g  sp eed  
 
 
Fi gu re  6 .1 2:  Ba by sc ree n  T as k  7  
T a s k 7  
D e scr i pt i on :   3 0  m ul t i - co l ou red  s t a r s  a re  p r e s en te d  i n  a  6 x5  g r id  
o f  r an dom as se mbl y,  one  o f  wh ich  i s  a  t a r ge t  go ld  s t a r .  T he  
p ur po se  i s  t o  s wi t ch  t he  p re v io u s  r u l e  r e ve r sa l  a nd  inc l ud e  a  
f u r the r  l e ve l  o f  l e a r n i n g t h r ou gh  n umer ou s  co l ou red  d i s t r ac t o r s .  
T he  t a s k  re qu i red  the  pa r t i c i pan t  t o  s h i f t  t h e i r  a t t en t io n  f rom  a  
p re v io u s l y l ea r ned  ru l e  an d  se l e c t i ve l y a t t en d  t o  t he  co r rec t  
r e s po n se  i t e m.  T he  o b jec t i ve  o f  t he  t a sk  i s  t o  i n t e r ac t  wi t h  t he  
go l d  t a r ge t  s t a r  un t i l  i t  d i sap pea r s  f rom  t he  sc reen .  





Fi gu re  6 .1 3:  Ba by sc ree n  T as k  8  
T a s k 8  
D e scr i pt i on :   3 0  s t a r s  a re  p re sen ted  i n  a  6 x5  g r id ,  o ne  o f  w hich  
i s  a  b lue  t a r ge t  s t a r .  The  pu rp o se  i s  a  r u l e  r e ve r sa l  f rom  a  t a r get  
go l d  s t a r  t o  a  t a r ge t  b l ue  s t a r  t o  mea su re  p a r t i c ipa n t ’ s  a b i l i t i e s  
i n  sh i f t i n g  a t t en t i on  f rom  p re v i ou s l y c on s i de r ed  co r rec t  i t e ms .  
T he re  i s  a  fu r th e r  d ime n s io n  to  t h e  ch a l l e n ge  in  t ha t  t he  face  
f ea tu re s  a re  n o w on  th e  no n -t a r ge t  s t a r s .  T he  o b jec t i ve  i s  t o  
i n t e r ac t  wi th  t h e  t a r ge t  b lu e  s t a r  b y t ouc h  un t i l  i t  d i sap pea rs  
f ro m t he  sc ree n .  
C on s t r uc t :  Ru le  c han ge ,  sh i f t ,  p ro ce ss in g  sp eed  
 
Fi gu re  6 .1 4:  Ba by sc ree n  T as k  9  
T a s k 9  
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D e scr i pt i on :   30  s t a r s  a re  p re sen ted  i n  a  g r id ,  one  o f  whi ch  i s  a  
b lue  t a r ge t  s t a r .  T he  t a s k  req u i re s  t he  pa r t i c ip an t  t o  r eme mber  
t he  co r rec t  r e sp on se  f r om the  p r e vi ou s  t a s k  a nd  i l l i c i t  a  c o r rec t  
r e s po n se  f rom  mem or y,  w h i l e  i nh i b i t i n g  f r om in t e rac t i n g  wi th  
go l d  s t a r s .  The  ob jec t i ve  i s  t o  i n t e r ac t  wi t h  t he  t a r ge t  b lue  s t a r  
b y t o uch  u n t i l  i t  d i sa ppe a r s  f r om  the  sc r een .  
C on s t r uc t :  Wor k in g  memo r y,  p ro ce ss in g  sp eed  
    
 
Fi gu re  6 .1 5:  Ba by sc ree n  T as k  10  
T a s k 1 0  
D e scr i pt i on :   One  t a r ge t  go l d  s t a r  i s  p re sen ted  on  the  r i gh t  hand  
o f  t he  sc ree n .  Tw o  cu p s  fa l l  f rom  t he  t op  o f  t he  sc re e n .  The  c up  
o n  t he  l e f t  i s  b lue  an d  the  cu p  on  the  r i gh t  i s  r e d .  T he  r ed  c up  on  
t he  r i gh t  i s  n o w h id i n g  the  s t a r .  The  o b jec t i ve  i s  t o  i n t e rac t  wi th  
t he  re d  cu p  co ve r i n g  t he  s t a r  by l i f t i n g  i t  ab o ve  t he  t a r ge t  go ld  
s t a r .  O nce  d one ,  t h i s  wi l l  r e move  t he  red  cu p  a nd  th e  o b jec t i ve  
i s  t he n  to  i n t e rac t  wi t h  t he  t a r ge t  go l d  s t a r  b y to uc h  un t i l  i t  
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d i sap pea r s  f r om t he  sc ree n .  The  pur po se  o f  t h i s  t a s k  i s  t o  s ee  i f  
t he  pa r t i c i pan t  c an  co r r ec t l y  r e t r i e ve  the  t a r ge t  s t a r  f rom  t he  
c or rec t  cu p .  
C on s t r uc t :  Wor k in g  memo r y,  ob jec t  pe rma nence  
   
Fi gu re  6 .1 6:  Ba by sc ree n  T as k  11  
T a s k 1 1  
D e scr i pt i on :  O ne  t a r ge t  go ld  s t a r  i s  p re se n ted  o n  the  l e f t  ha nd  
o f  t he  sc ree n .  Tw o  cu p s  fa l l  f rom  t he  t op  o f  t he  sc ree n .  The  c up  
o n  t he  l e f t  i s  b lue  an d  t he  c up  o n  t he  r i gh t  i s  r ed .  T he  b lue  cu p  
o n  t he  l e f t  i s  no w  h id i n g  the  s t a r .  T he  o b jec t i ve  i s  t o  i n t e rac t  
w i t h  t he  b l ue  cu p  co ve r in g  the  s t a r  b y l i f t i n g  i t  a bo ve  th e  t a r ge t  
go l d  s t a r .  On ce  do ne ,  t h i s  wi l l  r emo ve  th e  b lue  c up .  The  
o b jec t i ve  i s  t h en  to  i n t e r ac t  wi t h  t he  t a r ge t  go l d  s t a r  b y t ou ch  
u n t i l  i t  d i sap pea r s  f r om  th e  sc ree n .  T he  p ur po se  o f  w hic h  i s  t o  
s ee  i f  t he  pa r t i c i pan t  c o r rec t l y  r eme mbe r s  t he  p roce du re  f rom  the  
p r i o r  t a sk  a nd  s h i f t  t he i r  a t t en t i on  t o  t he  ne w  o b jec t  l o ca t i on  
w h i l e  i nh ib i t i n g  f r om i n t e rac t i ng  w i t h  t he  inc or rec t  cu p .  




   
Fi gu re  6 .1 7:  Ba by sc ree n  T as k  12  
T a s k 1 2   
D e scr i pt i on :  A t a r ge t  go ld  s t a r  i s  p re sen ted  be t wee n  tw o  g reen  
p o s t s .  A red  b ox  ap pea r s  o n  t he  s c ree n  be t wee n  t he  t w o  g reen  
p o s t s  a nd  ve r t i ca l l y  i n c l in es  un t i l  i t  c o ve r s  t he  t a r ge t  go l d  s t a r .  
O nc e  t he  t a r ge t  go ld  s t a r  i s  co ve re d ,  t he  red  b ox  vi s ua l l y  
p or t ra ys  a  s ad  face .  The  bo x  ca n  be  mo ved  bo t h  u p war d s  and  
d o wn wa rd s  be t we en  the  g ree n  p o s t s .  I f  t he  re d  bo x  i s  mo ved  
d o wn wa rd s  t o  a  ce r t a in  po i n t ,  t he  t a r ge t  go l d  s t a r  i s  r e vea l ed .  
T he  re d  bo x  d i sp l a ys  a  hap p y f ace  a nd  cha n ges  t o  a  l i gh t e r  sha de  
o f  r e d .  O nce  un co ve re d ,  t h e  ob jec t i ve  i s  t o  i n t e ra c t  wi t h  t he  
t a r ge t  go ld  s t a r  b y to uch  un t i l  i t  d i sap pea rs  f rom the  sc ree n .  T he  
p ur po se  o f  w hic h  i s  t o  i den t i f y i f  t h e  pa r t i c ip an t  r e membe rs  
w he re  th e  s t a r  i s  h i dde n  a nd  i f  t he y ca n  co r rec t l y  l oca t e  t h e  s t a r  
a nd  com ple t e  t he  t a s k .  





Fi gu re  6 .1 8:  Ba by sc ree n  T as k  13  
T a s k 1 3   
D e scr i pt i on :   A t a r ge t  go l d  s t a r  i s  p re se n te d  o n  t he  l e f t  ha nd  
s i de  sc re en .  A b l ue  c up  fa l l s  f ro m th e  to p  o f  t he  sc ree n  and  
c o ve r s  t he  go l d  s t a r .  The  b lu e  cu p  m o ve s  f rom  the  l e f t  ha nd  s i de  
o f  t h e  sc reen  t o  t he  r i gh t  ha nd  s i de .  A re d  cu p  no w  fa l l s  f r om  the  
t op  l e f t  ha nd  s i de  o f  t he  sc reen  an d  i s  p l ace d  n ex t  t o  t he  b lue  
c up .  The  p u rp o se  o f  w hic h  i s  t o  i den t i f y i f  t he  ch i ld  ha s  l ea r ned  
t ha t  t h e  t a r ge t  go ld  s t a r  ha s  n ow s h i f t e d  p l ace s  wi t h  t he  b lue  c up  
f ro m the  l e f t  ha nd  s i de  o f  t he  sc r een  t o  t he  r i gh t  ha nd  s i de  o f  t he  
s c r een .  T he  ob jec t i ve  i s  t o  l i f t  t he  b l ue  cu p ,  r e vea l  t he  t a r ge t  
go l d  s t a r  an d  i n t e r ac t  wi t h  t he  t a r ge t  go ld  s t a r  b y to uch  u n t i l  i t  
d i sap pea r s  f rom  t he  sc reen .  
C on s t r uc t :  Wor k in g  memo r y,  p ro ce ss in g  sp eed  
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Fi gu re  6 .1 9:  Ba by sc ree n  T as k  14  
T a s k 1 4  
D e scr i pt i on :   A t a r ge t  go l d  s t a r  i s  p re se n te d  o n  t he  l e f t  ha nd  
s i de  o f  t he  sc ree n .  Th e  ob jec t ive  i s  t o  i n t e rac t  wi t h  t he  t a r get  
go l d  s t a r  b y to uch  un t i l  i t  d i sap pea r s  f rom the  sc reen .  A t a r ge t  
go l d  s t a r  i s  p r e s en te d  be t wee n  tw o  g reen  p o s t s  on  the  r i gh t  ha nd  
s i de  o f  t he  sc r een .  A re d  bo x  ap pea r s  o n  t he  sc re en  be t wee n  the  
t w o  g ree n  p o s t s  a nd  ve r t i ca l l y  i n c l in es  u n t i l  i t  c o ve r s  t he  t a r get  
go l d  s t a r .  O nce  the  t a r ge t  go ld  s t a r  i s  c o ve re d ,  t he  re d  box  
v i s ua l l y  p o r t ra ys  a  sad  f ace .  T he  b ox  ca n  be  mo ve d  up wa rd s  and  
d o wn wa rd s  b e t ween  t he  g reen  po s t s .  O nce  th e  re d  bo x  i s  
i n t e r ac t e d  wi t h  b y t ou ch ,  t he  e ye s  o f  t he  re d  bo x  s h i f t  t o  a  
s t r a i gh t  l i ne .  I f  t he  red  bo x  i s  mo ve d  do w nw ar ds  t o  a  ce r t a in  
p o i n t ,  t he  t a r ge t  go ld  s t a r  i s  r e vea l e d .  The  re d  b ox  d i s p l a ys  a  
h ap p y f ace  an d  cha n ges  t o  a  l i gh t e r  sha de  o f  r e d .  On ce  
u nc o ve red ,  t he  ob je c t i ve  i s  t o  i n t e ra c t  wi t h  t he  t a r ge t  go ld  s t a r  
b y t ou ch  un t i l  i t  d i s ap pea r s  f ro m t he  sc reen .  T he  pu rp o se  o f  
w h ich  i s  t o  i d en t i f y i f  bo th  t a s k s ,  p re v i ou s l y l ea r ned ,  can  be  
r eca l l e d  f r om memo r y.   
C on s t r uc t :  Wor k in g  memo r y,  p ro ce ss in g  sp eed  
 
   
Fi gu re  6 .2 0:  Ba by sc ree n  T as k  15  
T a s k 1 5  
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D e scr i pt i on :   A b l ue  b u t t on  wi th  a  s mi l i n g  face  i s  p re se n ted .  An  
o u t l i ne  o f  a  s t a r  i s  p re sen t ed  ac ro s s  f r om  the  b lue  b u t t on .  On ce  
t he  b lue  b u t t on  i s  p re s sed ,  t he  c o lo ur  cha n ges  to  a  l i gh t e r  b l ue  
a nd  t he  fac i a l  ex pre s s i on  cha n ge s .  O nce  the  b l ue  b u t t on  i s  he l d ,  
a  t a r ge t  go ld  s t a r  i s  p re se n ted  wi th i n  th e  o u t l i ne  g r id .  T he  
p ur po se  o f  wh ich  i s  f o r  t he  pa r t i c i pan t  t o  h o ld  t he  b l ue  b u t t on  
a nd  s i mul t ane ou s l y i n t e rac t  w i t h  t he  t a r ge t  go l d  s t a r .  Th e 
o b jec t i ve  i s  t o  h o ld  the  b lue  bu t to n  whi l e  i n t e rac t i n g  wi th  t he  
t a r ge t  go ld  s t a r  b y to uch  un t i l  i t  d i sap pea rs  f rom the  sc ree n .  T he  
t a s k  re qu i re s  t he  pa r t i c i pan t  t o  u se  b o t h  ha nd s  in  b i l a t e ra l  
i n t e gra t i on ,  whic h  i s  a  no ve l  ex pe r i en ce  in  t he  a ss e s sm ent .  The  
p ur po se  o f  w hich  i s  t o  i de n t i f y i f  t he  pa r t i c ip an t  can  
s uc ce ss fu l l y  m ul t i - t a s k  the  p r oce du re  o f  b o th  ha nd s  t o  com ple t e  
t he  t a s k .  
C on s t r uc t :  P l a nn i n g ,  p r oce s s i ng  s pe ed  
   
Fi gu re  6 .2 1:  Ba by sc ree n  T as k  16  
T a s k 1 6   
D e scr i pt i on :   T w o ro un d  b l ue  b u t t on s  a re  p r e s en te d  o n  sc reen  
w i t h  one  o n  the  lo we r  l e f t -ha nd  s i de  a nd  o ne  o n  t he  h i ghe r  r i gh t -
h an d  s id e  o f  t he  sc r een .  On  the  l o wer  r i gh t -ha nd  s ide  a nd  h i gh e r  
l e f t -ha nd  s id e  o f  t he  sc r een ,  t he re  a re  ou t l i ne s  o f  s t a r s .  Once  a  
b lue  bu t to n  i s  p re s se d ,  t he  c o lou r  c han ge s  t o  a  l i gh t e r  b l ue  a nd  
t he  fac i a l  e xp re s s io n  cha n g e s  and  a  t a r ge t  go l d  s t a r  ap pea r s .  T he  
p a r t i c ipa n t  i s  r eq u i r ed  to  h o ld  th e  b lu e  bu t t on  an d  
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s im ul t a neo u s l y i n t e ra c t  wi th  t he  t a r ge t  go ld  s t a r .  The  pa r t i c ipa n t  
m u st  r emem ber  t he  p r oce du re  o f  t h e  p re v io us  t a sk  an d  e l i c i t  t he  
c or rec t  ha nd  m o vemen t s  t o  succe s sf u l l y  c om ple t e  bo t h  t a sk s .  The  
o b jec t i ve  i s  t o  h o ld  eac h  b lue  bu t to n ,  w hi l e  i n t e rac t in g  wi t h  the  
t a r ge t  go l d  s t a r s  b y to uc h ,  u n t i l  t he y d i sa pp ea r  f rom  th e  sc reen .  
C on s t r uc t :  Wor k in g  memo r y,  p l a nn i n g ,  p r oce s s in g  s pee d  
 
 
Fi gu re  6 .2 2:  Ba by sc ree n  T as k  17  
T a s k 1 7   
D e scr i pt i on :   A t a r ge t  go ld  s t a r  i s  p re se n te d  be t we en  t wo  g re en  
p o s t s  o n  the  l e f t  han d  s ide  o f  t he  s c ree n .  A r ed  bo x  ap pea rs  
b e t ween  t he  t wo  g ree n  p o s t s  a nd  i nc l i ne s  un t i l  i t  c o ve rs  t he  
t a r ge t  go l d  s t a r .  On ce  c o ve red ,  t he  red  b ox  v i su a l l y  p or t ra ys  a  
s a d  fac e .  T he  bo x  ca n  be  m o ve d  b o t h  u p war d s  an d  do w nwa rds  
b e t ween  the  g re en  po s t s .  I f  t h e  r ed  bo x  i s  m o ve d  d o wn wa rd s  t o  a  
ce r t a i n  p o i n t ,  t he  t a r ge t  go l d  s t a r  i s  r e ve a l ed .  T he  r ed  box  
d i sp l a ys  a  h ap p y face  a nd  ch an ge s  to  a  l i gh t e r  s hade  o f  r ed .  
O nc e  u nco ve red ,  t he  ob jec t i ve  i s  t o  i n t e r ac t  wi t h  t he  t a r ge t  go ld  
s t a r  b y to uch  u n t i l  i t  d i sa ppea r s  f r om  the  sc ree n .   A b l ue  bu t ton  
w i t h  a  smi l i n g  fa ce  i s  p re sen t ed  on  t he  h i ghe r  r i gh t  han d  s i de  o f  
t he  sc reen .  U nde rnea th  the  b l ue  bu t to n  i s  an  ou t l i n e  o f  a  s t a r .  
O nc e  t he  b lue  b u t t on  i s  h e ld ,  a  t a r ge t  go l d  s t a r  i s  p re se n ted  
w i t h in  t he  ou t l i ne  g r i d .  The  o b jec t i ve  i s  t o  h o ld  th e  b lue  bu t t on  
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w h i l e  i n t e ra c t in g  wi t h  th e  t a rge t  go l d  s t a r  b y to uch  un t i l  i t  
d i sap pea r s  f ro m the  sc re en .  The  p ur po se  o f  whic h  i s  t o  i d en t i fy  
i f  bo t h  t a s k s ,  p r e vi ou s l y l e a r ned ,  can  be  reca l l ed  f rom  mem ory  
a nd  com ple t ed .   
C on s t r uc t :  Wo rk in g  me mo r y,  p ro ce ss in g  sp eed  
 
 
Fi gu re  6 .2 3:  Ba by sc ree n  T as k  18  
T a s k 1 8   
D e scr i pt i on :   30  s t a r s  a re  p re sen ted  i n  a  g r id ,  one  o f  whi ch  i s  a  
b lue  t a r ge t  s t a r .  The  o b jec t i ve  i s  t o  i n t e r ac t  wi t h  t he  t a r ge t  b l ue  
s t a r  b y t ouc h  u n t i l  i t  d i sap pea r s  f r om t he  sc re en .  Th e  p ur po se  o f  
t he  f i na l  t a sk  i s  t o  i d en t i f y i f  t h e  pa r t i c ipa n t  ca n  reca l l  t he  r u le  
r e ve r sa l  f rom  pre v i ou s  t a s ks  a nd  co r rec t l y  i n t e rac t  wi t h  t he  b lue  
t a r ge t  s t a r  




6 .2  Performance o f  the Babyscreen App in a p i lo t  cohor t  
Fo l l o wi n g  p ro t o t yp e  de ve l opm en t  a nd  f ina l i s a t io n ,  f o r ma l  p i l ot  
t e s t i n g  wa s  co mmen ced  b y C . A.  D u r i n g  t h i s  pha se  no  f u r the r  
m odi f i ca t io ns  t o  t he  c on ten t  o r  qu a l i t y  o f  t he  Ba b ys c ree n  App  
c ou l d  be  in t ro duc ed .   
As  p a r t  o f  an  o n go i n g  p ro s pec t ive  ca se -c on t ro l  co ho r t  s tu d y,  t he  
Bi HIV E  2  s t ud y,  t he  Bab ys c re en  Ap p  wa s  t e s t ed  i n  a  co ho r t  o f  
c h i ld re n  a ged  1 8  to  2 4  m on th s  a l on gs ide  o the r  me as ur e s  o f  
d e ve l op ment a l  a nd  b e ha v io ura l  o u tc ome .   
 
6 . 2 . 1  Ai m s 
T he  a i ms  o f  t h i s  w or k  wer e  t o  e s t ab l i s h  t he  pe r fo rma nce  o f  a  
p o pu la t io n  o f  18 -2 4  mo nt h  o lds  on  t he  Bab ys c r een  Ap p  an d  to  
c or re l a t e  t h i s  pe r fo rman ce  wi t h  BS ID - I I I  r e su l t s .   
 
6 . 2 . 2  M et ho dol o gy  
T he  Bi HIV E  S tu d y wa s  e s t ab l i she d  t o  i de n t i f y  a  pa ne l  o f  
b ioma rk e r s  mea su red  i n  umb i l i ca l  c o rd  b lo od  a t  b i r t h  t ha t  co u ld  
p re d ic t  s e ve r i t y  o f  h yp o x ic - i sc haem ic  i n ju r y a nd  
n eu ro de ve lo pmen ta l  ou tc ome  in  a  co ho r t  o f  i n fan t s  w i th  s i gn s  o f  
p e r i na t a l  a s ph yx ia  a t  de l i ve r y.  P r omi s i n g  b ioma rk e r s  were  t o  be  
i de n t i f i e d  u s in g  a  mu l t i l e ve l  ap pr oac h  wi th  s emi - t a r ge t e d  and ,  
w he re  po s s i b l e ,  un t a r ge t ed  ana lys i s  i n  p ro t eomi cs ,  me tab o l omics  
a nd  t r a ns c r i p to mic s .  I t  i s  en v i s a ged  t ha t  an  op t ima l  pane l  o f  
b ioma rk e r s  d e t e rm ine d  b y b i o in fo rma t i c  t ec hn i que s  w oul d  be  
d e ve l op ed  i n to  a  po i n t -o f -ca re  d e vic e  to  b e  u sed  i n  t h e  de l i ve ry  
s u i t e .  Th i s  wo uld  mea n in gf u l l y c on t r i bu te  t o  t he  c l i n i c a l  
d ec i s io n  mak in g  p r oce s s ,  gu id i n g  ma na gemen t  an d  
p ro gn o s t i ca t io n .   
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Fo l l o wi n g  t he  in i t i a l  b i oma rke r  d i sco ve r y p h a se ,  B i HIvE  1 ,  a  
s ec on d  p r o spec t i ve l y re c ru i t ed  co ho r t  wa s  e s t ab l i s hed  fo r  t he  
p ur po se s  o f  b iom ar ke r  va l i da t i on ,  Bi HIV E  2  ( Va l ida t io n  o f  
Bi oma rk e r s  i n  Hyp o x ic - I s chae mic  En cep ha l opa t h y) .   
T he  Bi HIV E  2  co ho r t  wa s  rec ru i t ed  f ro m Mar ch  20 13  to  J u ne  
2 0 15  i n  t wo  Eu ro pean  s i t e s ,  Co rk  U ni ve r s i t y  M a te rn i t y  Ho s p i t a l ,  
C o rk ,  I r e l an d  an d  Kar o l i n ska  Ins t i t u t e t  a nd  U ni ve r s i t y  Ho s p i t a l ,  
Ka r o l i n ska ,  S we den .  Bo th  s i t e s  r ep re sen t  l a r ge  t e r t i a r y ma te rn i ty  
h o sp i t a l s  wi th  e x t e n s i ve  e xpe r i en ce  in  ma na g in g  h yp o xi c -
i sc haemic  ence pha lo pa th y i nc l ud i n g the  u se  o f  t h e r a peu t ic  
h yp o t he rm ia .   
In f o r med  c on se n t  fo r  um bi l i ca l  co rd  b lo od  ana l ys i s ,  da t a  
c o l l ec t io n  a nd  ne ur ode ve l opm en ta l  a s se s sme nt  w as  so u gh t  f r om 
p a re n t s  fo r  pa r t i c i pa t i on .  Fo r  t he  C or k  s i t e ,  e t h i ca l  a pp ro va l  was  
p ro v i ded  b y t he  Cl in i ca l  Re se a rc h  E th i c s  c ommi t t e e  o f  t he  C ork  
Tea ch i n g  Ho sp i t a l s .   
C a ses  wer e  i den t i f i ed  f o r  r ec ru i t ment  i f  t he y me t  t he  fo l lo wi ng  
c r i t e r i a :  
•  In f an t s  ha v in g  a  ge s t a t io na l  a ge  a t  b i r t h  o f  ≥3 6  wee k s  a nd  
a n y o ne  o f  t h e  fo l l o win g :  
o  Ap ga r  sco re  ≤6  a t  5  mi nu te s  o f  l i f e  
o  C o rd  p H <  7 . 1  
o  R eq ui r i n g  i n tu ba t i on ,  C PR  o r  IP P V  >  10  min u te s  
I f  an  in fan t  me t  t he  rec r u i tm ent  c r i t e r i a ,  t he  a t t e nd i n g  mi d wi ves  
d re w  um bi l i ca l  co rd  b lo od ,  w he re  t ec hn ica l l y  p o s s i b l e ,  an d  f i l l ed  
f ou r  b l oo d  bo t t l e s  p ro v i ded  in  p r e -p re pa re d  s t ud y p ac ks  whi ch  
w er e  s t o re d  i n  a  de s i gn a ted  re sea rch  re f r i ge ra to r  on  th e  l a bo ur  
w ar d .  Mi dw i ve s  the n  co n tac t e d  t he  re sea rch  t eam  v ia  an  o n -c a l l  
p h one  nu mbe r  a va i l a b l e  24 /7  to  i n fo rm t hem  tha t  b l oo d s  had  
b een  c o l l ec t e d .  A de s i gna ted  re s ea rche r  t he n  a t t e nde d  t o  p roce ss  
t he  u mbi l i ca l  c o r d  b lo od  ac co rd i n g  to  a  s t an da rd i se d  o pe r a t ing  
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p ro ced ure  a nd  p l ace  in  f ree ze r  a t  -80 °C  wi t h in  t h r ee  ho ur s  o f  t he  
i n fa n t ’ s  b i r t h .   
A co n tem po ra r y c on t ro l  p op u la t io n  was  a l so  rec r u i t ed  
p ro s pec t i ve l y.  T he se  pa ren t s  wer e  ap pr oache d  ea r l y i n  l ab ou r  t o  
b e  pa r t  o f  t he  we l l  bab i e s  g r oup .  An y d e l i ve r y n o t  mee t in g  the  
a bo ve  ca se  c r i t e r i a  wa s  e l i gi b l e  t o  be  a  c on t ro l .  Pa ren t s  o f  
i n fa n t s  w ho  we re  in i t i a l l y  c on sen ted  a s  co n t ro l s  b u t  t he n  went  on  
t o  de ve l op  p e r i na t a l  a s ph yx ia  we re  the n  re -a pp roac hed  to  
c on se n t  a s  ca se s .  Doc ume nta t i on  f o r  b o t h  g r ou ps  i s  a va i l ab l e  i n  
Ap p en d i x  B .  
M i dw i fe r y an d  o b s t e t r i c  s t a f f  we re  ma de  a wa re  o f  t h e  s tu d y and  
r eq ue s t ed  to  be  i n vo l ved  th ro u gh  a n  e x ten s i ve  p l a n  o f  
p ro mot i on a l  a nd  ed uca t i ona l  ac t i vi t i e s .  O n -s i t e  p rom ot i ona l  
p o s t e r s  an d  r emin de rs  o n  n o t i ce boa rd s ,  n eo na ta l  r e su sc i t a i r e s  
a nd  p o i n t -o f -ca r e  b l oo d  ga s  p ro ce ss in g  de v ice s  w ere  d i s p l a ye d .  
O n go in g  e duc a t io n  w as  p r o vi de d  t o  sma l l  g ro up s  wi t h in  t he  
d e l i ve r y s u i t e  t o  ca p tu re  ro t a t in g  s t a f f  an d  to  mi n imi se  
i n t e r ru p t i on  o f  pa t i en t  c a re  wi t h  re gu la r  on  the  g r ou n d  
r e in fo rceme nt  b y re se a rc h  s t a f f .  Se ve ra l  f ee dbac k  se s s i on s  a t  
f o r ma l  mul t id i sc i p l i na r y t each in g  se s s i on s  w ere  p ro v ide d  wi th  
u p da te s  on  re c r u i tme nt  a nd  r e s u l t s .   
Al l  c a se s  a nd  co n t r o l s  had  d emo gra ph ic  a nd  c l i n i ca l  da t a  
c o l l ec t ed  d ur i n g  t he i r  i n -pa t i e n t  s t a y.  Al l  i n fan t s  wer e  a s se s sed  
n eu ro l o gi ca l l y  u s in g  the  T homp s on  sco re  o n  da y o ne ,  da y t wo ,  
d a y th ree  o f  l i f e  an d  a t  d i scha r ge  de pe nd i n g  o n  l en g th  o f  i n -
p a t i e n t  s t a y.  Al l  i n fa n t s  r eq u i r in g  a dmi s s i on  to  t he  neo na ta l  u n i t  
w h o  de ve l ope d  h yp o xic - i schaem ic  ence ph a lo pa t h y h ad  a  
m odi f i e d  Sa r na t  sc or e  pe r f o rme d  a t  2 4  h ou r s  o f  l i f e .  EEG  
a pp l i ca t i on  a nd  the rap eu t i c  h yp o the rmia  wa s  p r o v ide d  b as ed  on  
c l i n i ca l  r eq u i r emen t  a s  de t e rmin ed  b y t he  su pe r v i s in g  co ns u l t an t  
o n  d u t y.   
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C . A wa s  re sp on s i b l e  fo r  pa t i en t  r ec r u i tme nt ,  da t a  c o l l ec t io n ,  
S a r na t  s t a gi n g ,  T hom p so n  sc ore  adm in i s t ra t i on  and  
n eu ro de ve lo pmen ta l  a s se ss ment .  Re s po ns ib i l i t y  f o r  i n i t i a l  
u mbi l i ca l  c o r d  b l oo d  p roce s s i ng  w a s  s ha re d  be tw een  Dr  An n -
M ar i e  Lo o n e y,  D r  Ni amh  Den iha n  a nd  m ys e l f  ( C . A) .  EEG 
a pp l i ca t i on  w as  a l so  p ro v i ded  o n  a  24 /7  ba s i s  a nd  d ur i n g  t he  
p e r i od  o f  Bi HIV E  2  rec ru i tme nt  w a s  pe r fo rmed  b y f ou r  ded i ca t ed  
r e s ea rc h  pe r so nne l ,  Mr  Ro be r t  Go u l d in g ,  Mr  Rh od r i  Ll o yd ,  D r  
Lu i dm i l l a  Kha ro sh an ka ya  an d  mys e l f  ( C . A) .   
In  o rde r  t o  op t i mi se  pa t i en t  r e t e n t i on  fo r  neu ro d e ve lo pme nta l  
a s se s smen t ,  a  r e t en t i on  p l an  was  de ve l ope d  a nd  a dmi n i s t e r ed  f o r  
e n r o l l e d  pa t i en t s  ( C . A) .  T h i s  i n vo l ved  ea r l y d i scu s s i on  o f  
n eu ro de ve lo pmen ta l  a s se s sme nt  du r i n g  the  n eo na ta l  i n -pa t i en t  
p e r i od .  At  t h i s  t ime  we  en dea vou re d  t o  r eco rd  de t a i l s  suc h  a s  t he  
c h i ld ’ s  name  a nd  o p t ima l  co n tac t  i n fo rma t io n  f o r  fu tu re  
c ommu nica t io n .  Pa re n t s  a l so  rece i ve d  a  n ew sl e t t e r  whe n  the  
i n fa n t s  t u rne d  s ix  m on th s  o f  age  w hic h  rem in ded  t hem  o f  t he  
s t ud y,  l i nke d  th em  to  ou r  w eb s i t e  a nd  p r om pted  t hem  t o  u pda te  
u s  wi t h  an y c ha n ge  in  t he i r  co n tac t  i n fo rma t i on .  M ul t i p l e  
c han ne l s  o f  c on tac t  fo r  t he  s t udy w e r e  p r o vi ded ,  t ex t ,  ph one  a nd  
ema i l ,  an d  C . A re s po nde d  to  a l l  co n tac t  ma de .  Whe n  the  in fa n t s  
t u r ned  one  ye a r  o f  a ge  the y r ece i ve d  a  b i r th da y ca rd  f r om  the  
s t ud y t eam .  Fi na l l y ,  j u s t  p r i o r  t o  1 8  mo nth s  o f  a ge ,  pa ren t s  
r ece i ved  a n  in fo rma t i on  l e a f l e t  r e ga rd i n g  neu ro de ve lo pme nta l  
a s se s smen t  w hic h  de t a i l ed  i t s  co n te n t s  an d  in fo rme d  the  pa re n t  
t ha t  t he y w o ul d  s oo n  b e  co n tac t e d  b y p h o ne  to  i n v i t e  t hem  f o r  
t he  a s se s sme nt  a nd  a r ran ge  a  c on ven i en t  ap po i n tme nt  i f  t hey  
w er e  a greea b le  ( C . A) .  T he se  doc ume nt s  ca n  be  fo un d  in  
Ap p en d i x  C .   
N eu ro de ve lo pme nta l  ou tcom e  a s se s sme nt  wa s  ca r r i ed  ou t  
b e t ween  1 8  an d  24  mo nth s  o f  a ge  ( C . A an d  E . H) .  As se s sme nt  
c on s i s t e d  o f  t he  Co gni t i ve ,  La n gu a ge  an d  M ot or  s ca l e s  o f  t he  
Ba yl e y S ca l e s  o f  In fan t  an d  To d dle r  De ve l opme nt  (Ed i t i o n  3 )  
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a nd  t he  Bab ys c r een  Ap p .  Du r ing  ap p  a dmin i s t e re d  a  be ha vi ou ra l  
o b se r va t i on  rec or d  wa s  com ple t e d  f o r  ea ch  c h i l d  ( See  Ap pe nd ix  
D ) .  Pa ren t s  were  a l so  a ske d  to  c omple t e  t h re e  q ue s t i on na i re s .  
Fi r s t l y ,  t h e y wer e  a ske d  to  comp le t e  a  de ve lo pmen ta l  sc r een i ng  
q ue s t i on na i re ,  de s i gne d  b y C .A,  t o  e s t a b l i sh  an y p re -ex i s t i n g 
d e ve l op ment a l  co nce r n s  f rom  t he  pa ren t s ,  a n y c ur ren t  
i n vo l ve ment  i n  su pp or t i ve  se r vi ce s  a nd  a n y d i a gn os es  a l rea dy  
ma de  t ha t  mi gh t  a f fec t  t he  neu ro de ve lo pmen ta l  a s se s smen t  
i n t e r p r e t a t i on  ( See  Ap pe nd i x  E) .  T h i s  que s t i on na i re  wa s  ba sed  
o n  the  kn ow n lo n g - t e r m c om pl i ca t io n s  t ha t  ca n  a r i se  i n  HIE .  
S ec on d l y,  t h e y w er e  a s ke d  to  co mple t e  t he  s oc i a l -em ot io na l  a nd  
a dap t i ve  be ha vi ou r  que s t i o n na i r e  a s  p a r t  o f  t he  Ba yl e y -3  an d ,  
t h i r d l y,  t he  Chi ld  Beh a vi ou ra l  C hec k l i s t  (1  ½ -  5  ye a r s ) .  Pa ren t s  
w er e  th en  p r o vi de d  wi th  a  r e po r t  o f  t he i r  c h i l d ’ s  pe r fo rman ce  in  
t he  Ba yl e y-3 .  An y c o nce rn  fo r  de ve lo pmen ta l  de l a y d e t ec t ed  
d ur in g  t he  se s s io n  fo r  c h i ld re n  n o t  a l rea d y in vo l ve d  wi th  
s e r v i ce s  were  re fe r re d  on wa rd s  fo r  c l i n i ca l  r e v i e w.   
 
6 . 2 . 3  An a l ys i s  
T he  pe r f o rma nce  o f  pa r t i c i pan t s  o n  ne ur ode ve lo pme nta l  o u tc ome  
mea s ure s  an d  th e  Ba b ys c ree n  Ap p  i s  i n i t i a l l y  r e po r t e d  sepa ra t e ly  
f o l l o wed  b y c ompa r i so n  be t ween  t he  t w o .  La s t l y ,  pe r fo rma nce  o f  
t he  a t - r i sk  g r ou p  o f  c h i l d re n  wi t h  HIE  o n  the  Bab ys c ree n  App  i s  
d i scu s sed .  
P e r fo rma nce  on  the  Ba b ys c reen  Ap p  wa s  e xami ned  u s i n g se ve ra l  
p a ram e te r s .  U p  t o  1 8  d i f fe ren t  t a s k s  w ere  p re se n te d  to  ea ch  
c h i ld .  T as k s  wer e  a dmin i s t e re d  c on s e cu t i ve l y a nd  in  t he  sa me  
o rd e r  a s  de sc r ib ed  a bo ve  i n  sec t i on  6 .1 .3 .  I f  t he  c h i l d  wa s  no t  
s uc ce ss fu l  i n  t he  f i r s t  20  sec ond s  o f  e ach  t a s k ,  a  dem on st ra t i on  
w a s  p r o vi de d  a nd  ch i ld ren  were  pe rmi t t ed  a  fu r the r  20  seco nd s  
t o  a ch ie ve  the  t a s k .  T he re fo re ,  c h i l d re n  co u ld  ac h ie ve  a  t a sk  
w i t h  o r  wi t ho u t  a  demo n st r a t ion  o r  co u l d  fa i l  t h e  t a s k  o u t r i gh t .  
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T he  t im e  u p  t o  t he  d emo n st ra t io n  i s  r e fe r red  to  a s  “a t t em pt  1”  
a nd  t he  t ime  f o l l o win g  the  dem on st ra t i on  i s  r e fe r re d  to  a s  
“a t t emp t  2” .  Ch i ld ren  wh o  s ucce ede d  in  co mple t i n g  the  t a sk  
p r i o r  t o  a  d emo n st ra t io n  w ere  su cce s sf u l  i n  a t t em pt  1  a nd  
t he re fo re  ha d  a n  a t t em pt  2  t ime  e qua l  t o  ze ro .   
Fo r  e ach  t a s k  a  t ime  f o r  a t t em pt  1  a nd  a t t e mpt  2 ,  whe re  
a pp l i cab l e ,  wa s  a va i l ab l e  i n  mi l l i seco nd s .  T ime  t o  com ple t i on  
w a s  h i gh l y s k e wed ,  t he re f o re  d a t a  wa s  l o g  t r a n sf o rm ed  to  a id  
f u r the r  a na l ys i s .  Fo r  ea ch  t a sk  w here  d i s t r ac t o r s  we re  p re se n t ,  
i . e .  o b j ec t s  v i s i b l e  on  the  sc reen  t ha t  we re  no t  t he  t a r ge t  f o r  t a s k  
c ompl e t io n ,  t he  f i r s t  t a r ge t  t ha t  t he  c h i l d  i n t e rac t ed  wi t h  was  
a u tom a t i ca l l y  n o t e d  in  a pp  ou tp u t  a s  ‘ se l ec t io n  b i a s ’ .  T h i s  
a pp l i ed  to  t a sk s  3 ,  4 ,  5 ,  6 ,  7 ,  8 ,  9 ,  1 0 ,  1 1 ,  1 3  a nd  1 8 .   
In d i vi dua l  t a s ks  were  exc l ud ed  f r om a na l ys i s  f o r  t he  f o l lo wi ng  
r ea so ns :  
•  N o t  a va i l a b l e  d ue  t o  e a r l y d i scon t in ua t i on  o f  t e s t   
•  N o t  a va i l ab l e  due  t o  t ec hn ic a l  f a u l t  i . e .  a pp  sk i pp ed  a  t a sk  
u ne xpec ted l y o r  c o r ne r s  r e spo n ded  i na pp ro pr i a t e l y t o  
c omma nd s  
•  C hi l d ’ s  b eha v io ur  du r in g  t a sk  ad min i s t ra t i on  p re ven ted  
a pp ro pr i a t e  a s se s smen t  i . e .  ch i l d  became  d i s t rac t e d  a nd  
m o ve d  awa y f r om  t a b le  du r i n g  t imi n g  o r  t a sk  wa s 
i nad ve r t en t l y  com ple t e d  w hi l e  ch i ld  wa s  d i s t r a c t ed  
•  P ar en t s  ga ve  o ve r t  h i n t s  o r  com ple t e d  s ome  or  a l l  o f  t he  
t a s k  de sp i t e  i n s t r uc t i on s  
A s c or i n g s ys t em wa s  de ve lo ped  to  a l l ow  pe r f o rm ance  in  each  
t a s k  f o r  eac h  pa r t i c ipa n t  t o  be  c a t e gor i s ed  fo r  s peed ,  ac cu racy  
a nd  e f f i c i e nc y ( C . A,  C . W,  R . M ) .  
 
6 . 2 . 3 . 1  S p eed  s co re s  
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Fo r  e ach  pa r t i c ip an t  t he  com ple t io n  t ime  f o r  t he i r  su cce s sf ul  
a t t empt  i . e .  a t t e mpt  1  o r  a t t empt  2  wa s  d i v i ded  i n t o  t e r t i l e s .  The  
f i r s t  t e r t i l e  r e pre se n t  t h e  ‘ fa s t ’  g ro up  wi t h  the  s ho r t e s t  
c ompl e t io n  t ime s ,  t he  sec on d  t e r t i l e  r ep re sen t  t he  ‘ medi um ’ 
g r o up  a nd  the  t h i r d  t e r t i l e  r ep re s en t  t he  ‘ s lo w ’  g r ou p .   
S p eed  sc ore s  were  the n  a ss i gned  a s  pe r  T able  6 . 1  de pe nde n t  on  
s pe ed  t e r t i l e  a nd  w he the r  t he  t a sk  w as  succe s s fu l l y  ac h ie ved  in  
a t t empt  1  o r  a t t em pt  2 .  
 
Gr ou p  1 s t  At te mpt  2 n d  A t te mpt  
F a st  6  3  
Me di u m 5  2  
S l ow  4  1  
T a ble  6 .1 :  Spee d  sc o re  a s s ig n men t  
 
C h i l d re n  w ho  fa i l ed  t he  t a s k  rece i ved  a  s pee d  sc ore  o f  0 .   




Fi gu re  6 .2 4:  Ex am ple  S peed  S cor e  Di s t r ib u t i o n  G r ap hic  
( o r i gi na l  d i a gr am)  
 
6 . 2 . 3 . 2  Ac c urac y s c ore s   
Ac c urac y s c ore s  w ere  de t e rmi ne d  ba sed  o n  t he  se l ec t i on  b i a s  o f  
t he  pa r t i c i pan t s ’  s ucce s sf u l  a t t empt .  The re f o r e ,  i f  a  ch i ld  
i n i t i a l l y  i n t e rac t ed  w i th  th e  c or rec t  t a r ge t  s t a r /cu p  e t c .  i n  t he  
f i r s t  a t t em pt  a nd  w ere  s ucce s sf u l  a  sco re  o f  f ou r  wa s  g i ve n .  
O t he r  sco re s  we re  a ss i gned  a s  pe r  T abl e  6 . 2 .  Aga in ,  a  f a i l ed  
a t t empt  re su l t ed  in  a n  acc urac y s co re  o f  0 .  Acc urac y s co re s  were  
o n l y a va i l ab l e  o n  t a sk s  w he re  d i s t r ac t o r s  wer e  e vi de n t  i . e .  t a s ks  
3 ,  4 ,  5 ,  6 ,  7 ,  8 ,  9 ,  1 0 ,  1 1 ,  1 3  a nd  18 .   
 
Gr ou p  1 s t  
A t te mpt  
2 n d  
A t te mpt  
T ar ge t  St i mu l i  a n d C ompl e te d  4  2  
D i str ac t or  St i mu l i  t he n Tar ge t  
S t i mu l i  a n d C ompl e te d  
3  1  
 
T a ble  6 .2 :  Ac cu ra cy  sc o re  as s ign me nt  
 
6 . 2 . 3 . 3  E ff i c i enc y S c ore s  
E f f i c i enc y s c o re s  we re  ba se d  o n  s pee d  t e r t i l e  an d  acc ura c y i n  t he  
p a r t i c ipa n t s ’  su cce s sfu l  a t t em pt  an d  we re  a s s i gned  a s  pe r  T ab le  
6 . 3 .  As  p re v i ou s l y,  a  f a i l e d  a t t em pt  re su l t ed  in  a  ze ro  sco re .  
E f f i c i enc y s c ore s  w ere  a l so  o n l y a va i l a b l e  o n  t a s ks  whe re  




Gr ou p  1 s t  At te mpt  2 n d  A t te mpt  
F a st  C orrec t  1 2  6  
Me di u m C or rec t  1 1  5  
S l ow  C orr ec t  1 0  4  
F a st  I nc orrec t  9  3  
Me di u m I n c orrec t  8  2  
S l ow  I nc orr ec t  7  1  
 
T a ble  6 .3 :  E f f i c i e ncy  sc o re  a s s ig n men t  
 
6 . 2 . 3 . 4  S u mmat i ve  sc ore s  
A n um be r  o f  s ummat i ve  s co re s  we re  a s s i gne d  fo r  o ve ra l l  app  
p e r fo rman ce :  
•  T ota l  t a sk s  com ple t ed  s ucce s sf u l l y  ( TT C)  
•  T ota l  t a sk s  c om ple t e d  suc ce ssf u l l y  w i t ho u t  r eq u i r in g  a  
v i s ua l  de mo  (TT C WV D)  
•  Ave r a ge  spe ed  sc or e  (c om bine d  spe ed  sc ore /n umbe r  o f  
t a s k s  a dmin i s t e re d)  
•  Ave r a ge  Acc urac y S co re  (co mbin ed  a ccu rac y s co re /n um ber  
o f  d i s t r ac t o r  t a sk s  adm in i s t e red )  
•  Ave r a ge  Ef f i c i e nc y S c or e  ( com bin ed  e f f i c i enc y 
s co re /num be r  o f  d i s t r ac t o r  t a sk s  admi n i s t e red )  
T he se  sc ore s  w ere  exam ine d  fo r  i n t e rna l  c o r re l a t i on s  and  
c on fo un d in g  e f fec t s  o f  pa r t i c ip an t  a ge ,  p re v io us  t ouc h -sc reen  
u se  a nd  beha v io ur a l  d i f f i c u l t i e s .  P re vi ou s  t ouc h -sc reen  us e  was  
d e t e r mine d  b y p a ren ta l  r e po r t  a nd  ca t e gor i se d  a s  1 )  no ne ,  2 )  
o cca s io na l ,  3 )  t wo  to  t h ree  t i mes  p e r  w eek  an d  4 )  da i l y .  
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Be ha v io ur a l  d i f f i cu l t i e s  were  de t e rmi ned  b y to t a l  p ro b lem sc ore  
i n  t he  Ch i ld  Be ha v io ura l  Chec k l i s t  f o r  Age s  1  ½ to  5 .   
 
6 . 2 . 3 . 5  N eu ro de ve lo pme nta l  com pa r i so n  ana l ys i s  
P e r fo rma nce  on  i nd i v id ua l  t a sks ,  a s  we l l  a s  s ummat i ve  sco re s ,  
w a s  c omp are d  t o  Ba yle y -3  c o gn i t i ve  s ub sca l e  sc ore s .  Th e  ab i l i t y  
o f  t he  su mmat i ve  sco re s  t o  p red ic t  a bn orm a l  Ba yl e y -3  co gn i t i ve  
p e r fo rman c e  wa s  the n  e xami ned .  An a l ys i s  wa s  a l s o  pe r fo rmed  
l oo k in g  f o r  t he  e f fec t s  o f  l angu a ge  an d  mot or  s k i l l s  o n  bo th  
c o gn i t i ve  su b sca l e  an d  Ba b ys c ree n  Ap p  r e s u l t s ,  t o  t e s t  t he  a pp’ s  
a im  o f  r ed uc i n g the  in f lue nce  o f  l a n gua ge  an d  m ot or  a b i l i t y  on  
c o gn i t i ve  t e s t i n g .  A c omb ine d  s co re  o f  pe r f o rma nce  on  t he  
Ba b ys c ree n  Ap p  wa s  a l so  de r i ved  a nd  t e s t ed  f o r  co r re l a t i o n  wi th  
c o gn i t i ve  sco re s  an d  f o r  p re d ic t i ve  ab i l i t y  o f  a bn or ma l  co gn i t i ve  
p e r fo rman ce .  Each  summa t i ve  sc ore  f o r  e ach  ch i l d  wa s  re sca l ed  
t o  a  0  t o  1 00  sca l e  u s i n g  t he  fo l lo w in g  f o r mula :  
N ew  sco re  = [ (o r ig in a l  sc o re  –m i ni mu m po s s i b l e  sc o re  on  
o r ig i na l  sca le ) / (m ax  p o ss ib l e  sco re  o n  o r i g in a l  sc a le  –  m in i m um 
p o s s ib l e  sc o re  on  o r i g in a l  sc a le ) ] *1 00  
T he  c ombi ne d  sco re  wa s  d e r i ved  b y s umm in g  th e  f i ve  re sca l ed  
s u mmat i ve  sc ore s  gi v i n g  a  r e su l t i n g  ra n ge  o f  0  t o  5 00 .   
Fi n a l l y  t he  pe r fo rma nce  o f  a  co h or t  o f  c h i l d re n  d i a gno se d  w i th  
h yp o x ic - i sc haem ic  e nce pha lo pa t h y o n  the  Bab ys c ree n  App  was  
e xami ned .   
 
6 . 2 . 3 . 6  S ta t i s t i ca l  ana l ys i s  
D e sc r ip t i ve  da t a  i s  p re se n ted  a s  n  ( %) ,  mea n  ( s t a nd a rd  
d e via t io n) ,  m ed ia n  ( i n t e r qua r t i l e  r a n ge )  a s  ap pr op r i a t e .  
D i f fe rence s  b e t ween  g ro up s  a re  re po r t e d  u s in g  St ude n t s  t - t e s t ,  
o ne  w a y ana l ys i s  o f  va r i a nce  (AN O V A) ,  Kr u s ka l -Wal l i s ,  Ma nn -
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Wh i tn e y U an d  ch i - sq ua red  t e s t i n g  a s  ap pr op r i a t e .  Co r re l a t i ons  
w er e  pe r f o rm ed  u s in g  Pea r s on ’s  R  o r  S pea rma nn ’s  co r re l a t i on  
c oe f f i c i e n t  a s  a pp ro pr i a t e .  Ab i l i t y  o f  summ at i ve  s co re s  t o  
p re d ic t  ab no rma l  Ba yl e y -3  pe r fo rma nce  wa s  exa mine d  u s in g  t he  
a rea  un de r  t he  rece i ve r  o pe ra to r  c u r ve  (R O C) .  C oo rd ina t e s  o f  t he  
c ur ve  were  u sed  t o  de t e rmin e  o p t ima l  c u t -o f f  p o i n t s  fo r  
s u mmat i ve  sco re s .  Te s t i n g o f  cu t -o f f s  i n  t he  spe c i a l  g r ou p  s tu dy  
w a s  pe r f o rme d  b y e xam in i n g  p o s i t i ve  p red ic t i ve  va l ue  ( P P V) ,  
n e ga t i ve  p red ic t i ve  va lue  ( N P V) ,  sen s i t i vi t y ,  spec i f i c i t y  an d  t e s t  
a g ree ment  ( Ka ppa ) .  Re s u l t s  we re  co n s ide red  s i gn i f i can t  wi t h  p -
va lue  > 0 . 05 .  S t a t i s t i ca l  ana l ys i s  wa s  pe r f o rme d  u s in g  IBM  S P SS 





6 . 2 . 4  R e su l t s   
6 . 2 . 4 . 1  N eu ro de ve lo pme nta l  O utc ome  
1 3 6  ch i l d re n  a t t e nd ed  fo r  fo l lo w -u p  a s  pa r t  o f  t he  Bi HIV E  2  
s t ud y ( ne ur ode ve l opm enta l  fo l low -u p  on go i n g) .  5 8  ch i ld ren  were  
r ec r u i t e d  a s  co n t r o l s  a t  b i r t h ,  63  su f fe red  pe r i na t a l  a sp h yx ia  bu t  
h ad  no  e v id ence  o f  e nce pha l op a th y a t  b i r t h  a nd  15  su f fe red  
h yp o x ic - i sc haem ic  en cep ha l opa th y ( HIE ) .  O f  t h e  1 5  wi t h  HIE  in  
t he  neo na ta l  pe r io d ,  1 0  wer e  d i a gn os ed  c l in i ca l l y  w i t h  m i l d 
e ncep ha l opa t h y,  f ou r  wi th  m ode r a t e  enc ep ha lo pa t h y a nd  o ne  w i th  
s e ve re  e nce pha lo pa th y.  Al l  f i ve  c h i ld re n  wi th  mo de ra t e  o r  se ve re  
e ncep ha l opa t h y u nd e r we nt  t he rap eu t i c  h yp o t he r mia  a f t e r  b i r th .   
O ve ra l l ,  7 4  i n f an t s  were  ma l e  an d  6 2  we re  fem a le .  Dem o grap h ic  
d e t a i l s  a re  sh o wn  in  Ta ble  6 . 4 .  
1 1 6 /1 36  (8 5% )  o f  c h i ld re n  h ad  a  de ve lo pme nta l  sc ree n in g 
q ue s t i on na i re  c omp le t e d  fo r  t hem .  12 /11 6  (1 0% )  o f  r e s po nde n t s  
r ep or t e d  ha v in g  c onc e r ns  a bo u t  t he i r  ch i l d ’ s  de ve l opme nt  p r io r  
t o  a t t en d in g  t he i r  neu ro de ve lo pme nta l  a s se ss ment .  3 /1 16  ( 2 . 6%)  
o f  ch i ld ren  ha d  a t t e nde d  ea r ly i n t e r ve n t i on  se r v i ce s  p r io r  t o  
a s se s smen t .  4 /1 16  ( 3 . 4% )  ha d  a t t e nd ed  spe ech  a nd  l a n gua ge  
t he ra p y,  6 /1 16  ( 5 . 2% )  had  a t t e nde d  ph ys i o t he r ap y a nd  1 /116  
( 0 . 9% )  ha d  a t t e nde d  occ upa t io na l  t he ra p y.  N o  ch i ld  ha d  a t t e nded  
a  ne ur o l o gi s t  p r i o r  t o  a s se s smen t .  Th e re  were  no  co nce rn s  ab ou t  
v i s io n  o r  hea r in g  a mo n g  p a re n t s  i n  t he  co ho r t  an d  n o  c h i l d  had  
b een  d i a gn ose d  wi t h  ce re br a l  p a l s y,  ep i l ep s y,  a u t i sm  spe c t r um 
d i so rde r ,  a t t en t i on  de f i c i t -h yp e r ac t i v i t y  d i so rde r ,  m ic r oce pha ly,  
d ys p r ax ia  o r  sen s or y p r oce ss in g  d i so rde r .   
M ed ian  ( IQ R )  a ge  a t  fo l l o w -up  wa s  20  ( 19 -2 1)  mo nt hs .  O ne  
c h i ld  a t t e nd ed  bu t  f a i l e d  t o  c om ple t e  an y o f  t he  th ree  
a dmin i s t e re d  su b sca l e s  o f  t he  BS ID -I I I ,  co gn i t i ve ,  l a n gua ge  and  
m oto r .  A f u r t he r  39  c h i ld ren  f a i l e d  t o  co mple t e  on e  o r  m ore  
s u b sca l e .   
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Ac r o s s  a l l  c o gn i t i ve  su b sca l e s  a dmi n i s t e re d  ( n= 13 5) ,  1 1% fe l l  
m ore  tha n  o ne  s t a nd a rd  de v ia t i on  ( S D)  be l o w th e  mea n  in  
c omp o si t e  sc ore s  ( i . e .  < 85)  and  4 % sc ore d  m ore  tha n  one  SD  
a bo ve  t he  mea n .  In  t he  l a n gua ge  su b sca l e  (n =1 11 )  9 % sco red  <85  
a nd  5 % wer e  > 12 5 ,  an d  in  t he  mo to r  su b sca l e  ( n= 11 2)  3 % sco red  
< 85  an d  fe we r  t han  1 % sc ore d  in  t he  s upe r io r  r a n ge .   
M ed ian  ( IQ R )  sc ore s  i n  t he  sub sc a l e s  o f  t h e  Ba yle y s c a l e s  o f  
In f an t  a nd  To dd le r  De ve lo pme nt  (E d i t i on  3 )  [ BS ID -I I I ]  a re  
s h o wn  in  Ta ble  6 .5  an d  Fig u re  6 . 25 .  When  sco re s  we re  com pare d  
ac ro s s  a l l  t h ree  c l i n i ca l  g ro up s  d es c r i bed  a bo ve ,  s i gn i f i can t  
d i f fe re nce s  we re  fo un d  i n  t he  co gn i t i ve ,  l a n gua ge  a nd  mot or  
s u b sca l e s  w i th  a l l  p -va lue s  ≤  0 .0 1 .   
Ho w e ve r ,  d i f fe r ence s  be t wee n  t he  admi n i s t e red  s ub sc a l e s  i n  
c on t ro l  a nd  p e r i na t a l  a s ph yx ia  g ro up s  were  no t  s i gn i f i ca n t .  
T he re fo re ,  su bs eq uen t  ana l ys i s  o f  t he  pe r fo rma nce  o f  t h i s  c oh or t  
o n  t he  Ba b ys c ree n  Ap p  l oo ks  a t  t he  co n t ro l  a nd  pe r i na t a l  
a sp h yx ia  g r ou ps  t ake n  to ge th e r ,  an d  th e  HIE  gr o up  i s  exa mined  
s ep a ra t e l y a s  a  h i gh  r i s k  g r ou p  s t ud y.   
1 1 4 /1 36  ( 84 %)  o f  ch i ld ren  had  t he  C hi ld  Beha v i ou ra l  C heck l i s t  
( 1  ½  -  5  ye a r s )  c omp le t e d  fo r  t hem .  Re po r t e d  sc ore s  i n  a l l  sca l e s  
d emo n st ra t ed  a  r i gh t  s ke wed  d i s t r i b u t i on  wi th  ve r y l o w  ra t e s  o f  
r ep or t i n g  i n  t he  bo rd e r l i ne  o r  c l i n i ca l  r an ge s .  Fo r  sca l e s  r e l a t ed  
t o  p ro b lem s wi th  in t e rna l i s in g  beha v i ou rs  i . e .  e mot i on al  
r eac t i v i t y ,  a nx ie t y/d e pre s s i on ,  s o ma t i c  com pla i n t s  a nd  s i gn s  o f  
w i t hd ra wa l ,  o n l y 1 /1 14  ( 0 . 9% )  re s po nd en t s  r e po r t e d  i n  t he  
b or de r l i n e  ra n ge  an d  4 /11 4  ( 3 . 6% )  rep or t e d  i n  t h e  c l i n i ca l  r an ge .  
Fo r  s ca l e s  r e l a t ed  t o  p r ob lem s w i t h  ex t e r na l i s i n g beh a vi ou r s  i . e .  
a t t en t i on  p ro b lem s a nd  a ggre s s i ve  be ha v io ur ,  4 /1 14  (3 .6 %)  
r ep or t e d  in  t he  bo rde r l i ne  ra n ge  a nd  2 /1 14  (1 .8 %)  r ep or t e d  in  t he  
c l i n i ca l  r a n ge .  Me dia n  ( IQ R )  sc ore s  fo r  t he  t o t a l  co ho r t  ac ro ss  
a l l  r ep or t e d  sca l e s  a re  s ho w n in  Ta ble  6 . 6 .  Th e re  was  no  
s i gn i f i ca n t  d i f fe renc e  i n  C BC L s co re s  ac r o s s  c l i n i ca l  g ro up s  ( i . e .  
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c on t ro l ,  pe r ina t a l  a s ph yx ia  an d  HIE )  f o r  i n t e rna l i s in g ,  
e x t e r na l i s i n g  o r  t o t a l  p ro b lem s w i t h  p -va lue s  o f  0 . 05 2 ,  0 . 57 5  a nd  
0 . 74 3  r e s pec t i ve l y.    
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 C on t r ol  
n  =  5 8  
P A 
n = 6 3  
H I E 
n = 1 5  
p-
v a l ue  
S e x  ( M/F)  3 1 /27  3 4 /29  9 /6  0 . 90  
MO D    < 0 . 01 *  
S VD  3 9  1 6  6   
F o rce ps  2  1 0  2   
Ve n to u se  1 0  2 9  5   
Em C S 7  8  2   
 me dia n  
( IQ R )  
me dia n  
( IQ R )  
me dia n  
( IQ R )  
 
GA  (w + d)  3 9+ 2  
( 38 +4 -4 0+ 3)  
4 0+ 3  
( 39 +3 -4 1+ 2)  
4 0+ 4  
( 39 +3 -4 1+ 2)  
0 . 01 *  
B W  ( kg )  3 . 6  
( 3 . 3 -3 . 9 )  
3 . 6  
( 3 . 2 -3 . 9 )  
3 . 5  
( 3 . 1 -4 . 1 )  
0 . 79  
C or d pH  7 . 22  
( 7 . 16 -7 .3 0)  
7 . 04  
( 6 . 99 -7 .0 8)  
6 . 91  
( 6 . 85 -7 .0 5)  
< 0 . 01 *  
A pg a r  1  
mi n  
9  
( 9 -9 )  
6  
( 4 -8 )  
3  
( 1 -3 )  
< 0 . 01 *  
A pg a r  5  
mi n  
1 0  
( 10 -1 0)  
9  
( 7 -10 )  
6  
( 4 -6 )  
< 0 . 01 *  
T a ble  6 .4 :  De mo g ra ph i c  de ta i l s  o f  c oh o r t .  *= s t a t i s t i c a l  
s i gn i f i ca nce ,  P A =  p e r i na t a l  a sph yx i a ,  HIE = h yp o xic - i s chaem ic  
e ncep ha l opa t h y,  M =male ,  F= f ema le ,  M O D =  m e th od  o f  de l i ve r y,   
S V D = s p o n ta neo us  va gi na l  de l i ve r y,  Em C S =  em er genc y 
cae sa rea n  sec t io n ,  GA =  ge s t a t io na l  a ge  ( re po r t ed  a s  
w ee ks +da ys ) ,  BW=  b i r t hw e i gh t  ( r e po r t ed  i n  k i lo gra m s) .  
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 C on t r ol s  
me di a n  ( I QR)  
n = 5 8  
Per in at a l  A s ph y xi a  
me di a n  ( I QR)  
n = 6 3  
H I E 
me di a n  ( I QR)  
n = 1 5  
p -v a l ue *  p -v a l ue †  
C og n i t ive  C omp os i te   1 0 0  ( 93 -1 10 )  1 0 5  ( 95 -1 10 )  9 0  (9 0 -10 0)  0 . 80  0 . 01 **  
L a ng u age  C ompos i t e  1 0 3  ( 97 -1 16 )  1 0 6  ( 10 0 -11 2)  9 3  (8 2 -99 )  0 . 34  < 0 . 01 **  
M ot or  C ompos i t e  1 0 3  ( 97 -1 07 )  1 0 3  ( 99 -1 10 )  9 4  (9 1 -99 )  0 . 19  0 . 01 **  
S oc ia l -E mot i on a l  
C o mpos i t e  
1 0 5  ( 10 0 -11 5)  1 1 0  ( 10 5 -12 5)  1 2 0  ( 10 5 -13 0)  0 . 04 **  0 . 02 **  
Ge ner a l  A da pt i ve  
C o mpos i t e  
1 0 2  ( 91 -1 08 )  1 0 1  ( 92 -1 10 )  1 0 2  ( 92 -1 10 )  0 . 98  0 . 99  
T a ble  6 .5 :  B ay ley  Sc a le s  o f  I n fan t  an d  T od d le r  Deve lo pm ent  (E d i t i o n  3 )  s ub sc a le  co m po s i t e  sco re s  f o r  B i HIVE  
2  c oh or t  
*p -va l ue  fo r  d i f fe renc e  be t ween  s co re s  o f  c on t ro l  a nd  pe r ina t a l  a s p h yx ia  g ro up s  ( Man n  Whi t ne y U  t e s t i n g)  
† p -va l ue  fo r  d i f fe renc e  ac ro s s  t h e  t h re e  g r ou ps  ( Kr u s ka l -Wal l i s )  





Fi gu re  6 .2 5:  Bo x - p lo t  o f  c oh o r t  p e r fo r ma nce  o n  t he  th ree  a d min i s t e re d  su b sca le s  o f  t he  Bay ley - 3 ,  a )  c o gn i t i ve ,  
b )  l an gua ge  an d  c )  m ot or  
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C B C L Sc a le  Me di a n  I QR  N or ma l  
R a n ge  
E mpi r i c a l ly  Ba se d S ca le s   
E mot i on al ly  Re ac t ive  1  0 -2  ≤  5  
A n xi ou s / De pre s se d  1  0 -2  ≤  6  
S o ma t ic  C ompl a i n ts  1  0 -2  ≤  4  
W it h dr aw n 0  0 -1  ≤  4  
S lee p Pr obl e ms  1  0 -3  ≤  7  
A t te nt i on  P r oble ms  1  0 -2  ≤  5  
A g gre s s iv e  Be ha vi our  4  2 -9  ≤  2 0  
I n ter n al i s i n g  3  1 -6  ≤  1 3  
E xt er nal i s i n g  5  3 -1 1  ≤  2 0  
T ot a l  Pr obl e ms  1 5  8 -2 9  ≤  5 1  
D S M-O rie nte d S ca l e s   
A f fec t ive  Pr obl e ms  1  0 -2  ≤  5  
A n xi e ty  Pr obl e ms  2  0 -3  ≤  7  
Per va s i ve  D eve l op me n t a l  Pr obl e ms  1  0 -2  ≤  6  
A t te nt i on  De f i c i t  Hy per ac t i v i ty  Pr obl e ms  3  1 -4  ≤  9  
O ppos i t i on a l  D ef i a nt  Pr obl e ms  1  0 -3  ≤  7  
T a ble  6 .6 :  CBC L  Sc o re s  f o r  t o t a l  co ho r t .  N orma l  r an ge  i s  
p ro v i ded  f o r  r e fe r ence ,  sc ore s  ab o ve  t he se  cu t -o f f s  l i e  i n  t he  
b or de r l i n e  o r  c l i n i ca l  r a n ge s .  IQ R  =  i n t e r qua r t i l e  r an ge ;  D S M  =  
D ia gn os t i c  an d  Sta t i s t i ca l  Man ua l  o f  Me nta l  Di so rde r s .    
 290 
 
6 . 2 . 4 . 2  Ap p  pe r fo rma nce  
1 2 1 /1 36  ( 89 %)  o f  t he  c oh or t  we re  e l i g i b l e  fo r  Bab ys c re en  App  
t e s t i n g  a nd  i nc l us io n  i n  pe r fo rma nce  an a l ys i s .  T he se  were  
c h i ld re n  wh o  a t t en ded  f o r  d e ve l op ment a l  a s se s smen t  a nd  
b e lo n ge d  to  e i t he r  t he  co n t r o l  o r  pe r i na t a l  a sp h yx ia  g r ou p  a s  
a s s i gne d  in  t he  ne ona t a l  pe r io d ,  5 8  an d  6 3  ch i l d re n  re s pec t i ve l y .  
In  95 /12 1  (7 9% )  o f  a t t en dan ce s  t he  Bab ys c ree n  Ap p  wa s 
a dmin i s t e re d  a nd  the  da t a  was  i nc l ude d  fo r  a na l ys i s .  Of  t he  
r ema i n in g  2 6 /1 21  (2 1% )  n o t  i nc l ude d ;  i n  6 /12 1  ( 5%)  o f  c a se s  t he  
a pp  wa s  una va i l ab l e  fo r  a dmi n i s t ra t i o n ,  i n  5 /1 21  ( 4% )  the  
c h i ld ’ s  be ha vi ou r  p re ve n te d  admi n i s t ra t i o n  o f  an y t a s k s ,  a nd  in  
1 5 /12 1  (1 2% )  th e  ap p  ou tp u t  f i l e  d id  n o t  sa ve  to  t he  de v ice  a nd  
c ou l d  no t  be  re t r i e ved  fo r  a na l ys i s .  O f  t he  5  c h i l d re n  t ha t  f a i l ed  
t o  com pl y d u e  to  beh a vi ou r ,  3 /5  w ere  19  m on th s ,  t he  me dian  
c o gn i t i ve  sco r e  o f  t h i s  su b gro up  w a s  lo we r  t h a n  th e  w ho le  g ro up  
a ve ra ge  a t  95  (7 7 . 5 -10 5) .  Al so  3 /5  o f  t he  g ro up  a l so  fa i l e d  to  
c ompl e t e  a t  l e a s t  1  s ub sca l e  o f  t he  Ba yl e y in  co n j unc t i on  wi th  
f a i l u re  t o  c omp l y wi t h  t he  Ba b ys c ree n  Ap p .  N o  l i nk  w i th  
b eha v io ur a l  a t t r i b u te s ,  a s  pe r  C BC L s c or e s ,  an d  fa i lu re  t o  
c ompl y  c o u ld  be  id en t i f i e d .  Thes e  fac t o r s  ma y c on t r ib u te  i n  pa r t  
t o  n on -com pl i a nce  b u t  o b se r va t io n  o f  a  l a r ge r  c oh or t  w oul d  be  o f  
b ene f i t  f o r  f u tu re  de ve lo pme nt .   
Fo r  t h i s  co ho r t  o f  9 5  c h i ld ren ,  17 10  t a s ks  ( 95  x  1 8)  co u ld  
p o te n t i a l l y  be  a dmin i s t e re d  a nd  12 56 /17 10  (7 3% )  o f  t a s k s  were  
a dmin i s t e re d .   Tas k s  ma y n o t  be  a dmi n i s t e r ed  a nd  t he r e fo re  no t  
i nc lu de d  i n  a na l ys i s  due  to  re a so n s  a s  o u t l i ned  i n  sec t io n  6 . 2 . 3 .  
T he  ma j or i t y  o f  c h i l d re n  co mp le t e d  mo st  ad min i s t e re d  t a sks  
s uc ce ss fu l l y  w i th ou t  r e qu i r i n g  a  dem on st ra t i on .  Fo r  de sc r ip t i ve  
s t a t i s t i c s  r e ga rd i n g  t a sk  com ple t i on  s ee  Ta ble  6 . 7 .  The  nee d  fo r  
a  vi s ua l  dem o a nd  t he  fa i l u re  ra t e  i nc re as ed  f rom  Ta sk  8  
o n war d s .  Fa i l u re  ra t e s  peake d  in  t a sk s  1 5  t o  17 .  ( Fig u re  6 . 26 )   
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M ed ian  ( IQR )  t im e  to  c ompl e t io n  wa s  max ima l  i n  Ta sk  10  wi th  
3 4 .2  (1 9 . 8 -44 .4 )  sec on d s  r eq u i r ed  b y ch i ld ren  to  co mple t e  t he  
t a s k  succe s s fu l l y .  Th i s  wa s  due  t o  t he  h i ghe r  l e ve l s  o f  
d emo n st ra t io n  req u i reme nt .  Ta sk s  1 5 -17  a l s o  had  l ow  l e ve l s  o f  
s uc ce ss  wi th ou t  de mo ns t ra t i o n  bu t  ha d  h i gh  l e ve l s  o f  f a i l u re ,  
r ed uc in g  the  n um ber  o f  c h i l d re n  com ple t in g  t he  t a sk  o n  w hich  to  








Time to Completion (attempt 1 + attempt 2) 
without demo with demo Median (s) IQR (s) 
Task 1 95 69 (73%) 17 (18%) 9 (9%) 8.4 3.4-19.1 
Task 2 92 83 (90%) 3 (3%) 6 (7%) 7.6 4.3-13.9 
Task 3 86 82 (95%) 1 (1%) 3 (4%) 3.3 1.7-6.1 
Task 4 82 79 (96%) 2 (2%) 1 (1%) 3.3 1.6-9.4 
Task 5 83 73 (88%) 5 (6%) 5 (6%) 3.6 1.8-7.8 
Task 6 82 68 (83%) 11 (13%) 3 (4%) 5.0 2.5-11.4 
Task 7 82 76 (93%) 4 (5%) 2 (2%) 3.0 1.5-6.5 
Task 8 68 35 (51%) 14 (21%) 19 (28%) 12.2 6.4-25.8 
Task 9  76 46 (61%) 17 (22%) 13 (17%) 8.6 2.6-24.7 
Task 10 74 21 (28%) 30 (41%) 23 (31%) 34.2 19.8-44.4 
Task 11 71 37 (52%) 16 (23%) 18 (25%) 15.7 6.8-32.8 
Task 12 70 50 (71%) 14 (20%) 6 (9%) 11.0 6.4-28.7 
Task 13 61 48 (79%) 4 (6%) 9 (15%) 9.5 5.1-16.0 
Task 14 59 47 (80%) 5 (8%)  7 (12%) 11.2 7.2-26.7 
Task 15  55 8 (15%)  11 (20%) 36 (65%) 28.6 19.7-37.5 
Task 16 40 13 (33%) 3 (7%) 24 (60%) 26.6 19.8-44.1 
Task 17 37 13 (35%) 6 (16%) 18 (49%) 23.7 14.3-42.5 
Task 18 43 36 (84%) 3 (7%) 4 (9%) 7.1 2.9-13.0 





F i gu re  6 .2 6:  Ba r  ch a r t  re p re sen t i ng  pe rc en t age  c om ple t i on ,  co mp le t i on  wi th  v i su a l  de mo  a nd  fa i l u re  i n  e ac h  












Task 1 Task 2 Task 3 Task 4 Task 5 Task 6 Task 7 Task 8 Task 9 Task 10 Task 11 Task 12 Task 13 Task 14 Task 15 Task 16 Task 17 Task 18
Complete Visual Demo Fail
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S p eed  s co re s  ( 0 -6 )  were  a s s i gned  f o r  a l l  t a sk s  ad min i s t e re d .  The  
d i s t r i bu t io n  o f  spe ed  sco re s  a s s i gne d  fo r  t h i s  c oh or t  a r e  s ho wn 
i n  Ta ble  6 . 8 .  Acc ura c y sc ore s  ( 0 -4 )  w ere  a s s i gne d  fo r  ch i ld ren  
p e r fo rmin g  t a sk s  3 -11 ,  1 3  an d  1 8  ( i . e .  t h o se  w he re  d i s t r ac t o r s  
w er e  p r e s en t ) ,  a nd  d i s t r i bu ted  a s  pe r  T able  6 . 9 .   Fi n a l ly ,  
e f f i c i enc y s c ore s  (0 -1 2)  we re  a s s i gne d  f o r  a l l  d i s t r a c to r  t a s ks  
a dmin i s t e re d  an d  d i s t r i bu ted  a s  p e r  T ab le  6 . 10 .   
S u mmat i ve  sco re s ,  a s  ou t l i ne d  in  s ec t io n  6 . 2 . 3 . 4 ,  we re  a s s i gned  
t o  e ach  ch i ld  t o  r e f l e c t  t he i r  o ve ra l l  p e r f o r manc e  on  the  
Ba b ys c ree n  Ap p .  T he re  we re  me dium  t o  l a r ge  po s i t i ve  in t e r nal  
c o r re l a t i on s  be t we en  the  su mmat i ve  sc ore s ;  t o t a l  t a sks  
c ompl e t ed ,  t o t a l  t a s k s  c omp le t e d  wi t ho u t  v i s ua l  dem o,  a ve rage  
s pe ed  sc ore ,  a ve ra ge  accu rac y  s co re  a nd  a ve ra ge  e f f i c i ency  
s co re ,  p<0 .0 1  (T a b le  6 .1 1) .   
Ap p  pe r fo rman ce  wa s  e xami ned  in  t he  l i gh t  o f  a ge  ac r o s s  t h e  
c oh or t .  Te s t in g  co u ld  be  pe r f o rme d  be t wee n  1 8  a nd  24  mo nt hs  
b u t  1 12 /12 1  ( 93 %)  o f  t he  co hor t  t e s t ed  f e l l  be t wee n  1 9  a nd  22  
m ont h s .  T ime  t o  com ple t io n  o f  a n y s ucce s sf u l  a t t empt  d i d  n ot  
d i f fe r  b y a ge  a t  t e s t i n g  i n  an y t a sk  e xce p t  f o r  Ta s k  1 4 ,  p =0 .0 16 .  
In  t e rm s  o f  summ at i ve  sco re s ,  t o t a l  t a sk s  c om ple t e d  c or re l a t ed  
w i t h  a ge ,  Spe a rma n’ s  ρ=0 .3 5 ,  p< 0. 01 ,  a s  d i d  t o t a l  t a s ks  
c ompl e t ed  wi th ou t  a  dem on st ra t i on ,  Spea rma n’ s  ρ =0 .3 0 ,  p< 0. 01 .  
T he re fo re ,  o l de r  ch i ld ren  we re  a b l e  t o  s uccee d  in  mo re  t a s ks  
t han  yo u n ge r  c h i l d re n  an d  d id  s o  wi t ho u t  r e qu i r i n g  a s  ma ny  
v i s ua l  dem os .  Th e  rema i n i n g  su mmat i ve  sco re s  d i d  n o t  cha n ge  
w i t h  a ge .  Ave r a ge  spe ed ,  a ccu rac y a n d  e f f i c i e nc y d id  n o t  ap pea r  
t o  be  a f fe c t ed  b y a ge  in  t h i s  c oh or t ,  ρ=0 .1 2  ( p =0 .2 4) ,  ρ=0 .14  
( p= 0. 19 )  a nd  ρ =0 .1 4  ( p =0 .1 9)  re s pe c t i ve l y.   
Ap p  p e r f o r manc e  w as  a l so  t e s t e d  f o r  t he  e f fe c t s  o f  p re vi ous  
t ouc h sc re en  u sa ge  t o  ru l e  ou t  co nf ou nd i n g  in f l uenc e .  Hi ghe r  
l e ve l s  o f  p re v io us  t ou ch sc reen  ex p os ure  we re  n o t  a s soc i a t e d  wi th  
o ve ra l l  pe r f o rma nce  f rom  th e  po in t  o f  v i e w of  t o t a l  t a sks  
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c ompl e t ed  o r  spee d ,  ρ =0 .0 4  ( p= 0. 67 )  an d  ρ= -0 .0 6  (p =0 .5 5)  
r e s pec t i ve l y b u t  d id  in f l uence  accu rac y a nd  he nce  e f f i c i e ncy,  
ρ =0 .2 7  ( p =0 .0 1)  an d  ρ=0 .2 3  ( p =0 . 03)  r e s pec t i ve l y.   
T he  e f f ec t  o f  t h e  c h i l d ’ s  be ha v io ur  o n  a pp  p e r fo rmanc e  was  
e xami ned  u s in g  t he  to t a l  p ro b lem s sc ore  on  t he  c h i l d  be ha v io ura l  
c heck l i s t  a s  a  s u r ro ga te  m a rke r .  T o ta l  p ro b lem s  sh o wed  no  








0 1 2 3 4 5 6 
Task 1 95 9 (9%) 11 (12%) 3 (3%) 3 (3%) 17 (18%) 34 (36%) 18 (19%) 5 
Task 2 92 6 (7%) 2 (2%) 1 (1%)  30 (33%) 34 (37%) 19 (21%) 5 
Task 3 86 3 (4%) 1 (1%)   26 (30%) 33 (38%) 23 (27%) 5 
Task 4 82 1 (1%) 2 (2%)   30 (37%) 23 (28%) 26 (32%) 5 
Task 5 83 5 (6%) 2 (2%) 1 (1%) 2 (2%) 30 (36%) 24 (29%) 19 (23%) 5 
Task 6 82 3 (4%) 6 (7%) 4 (5%) 1 (1%) 21 (26%) 24 (29%) 23 (28%) 5 
Task 7 82 2 (2%) 3 (4%)  1 (1%) 31 (38%) 23 (28%) 22 (27%) 5 
Task 8 68 19 (28%) 3 (4%) 4 (6%) 7 (10%) 13 (19%) 16 (24%) 6 (9%) 4 
Task 9  76 13 (17%) 7 (9%) 5 (7%) 5 (7%) 20 (26%) 12 (16%) 14 (18%) 4 
Task 10 74 23 (31%) 11 (15%) 14 (19%) 5 (7%) 6 (8%) 8 (11%) 7 (10%) 2 
Task 11 71 18 (25%) 7 (10%) 5 (7%) 4 (6%) 13 (18%) 14 (20%) 10 (14%) 4 
Task 12 70 6 (9%) 8 (11%) 3 (4%) 3 (4%) 15 (21%) 22 (31%) 13 (18%) 5 
Task 13 61 9 (15%) 1 (2%) 1 (2%) 2 (3%) 26 (43%) 6 (10%) 16 (26%) 4 
Task 14 59 7 (12%) 3 (5%) 2 (3%)  18 (31%) 17 (29%) 12 (20%) 4 
Task 15  55 36 (65%) 3 (6%) 5 (9%) 3 (6%) 4 (7%) 3 (6%) 1 (2%) 0 
Task 16 40 24 (60%)  2 (5%) 1 (3%) 7 (18%) 3 (8%) 3 (8%) 0 
Task 17 37 18 (49%) 2 (5%) 4 (11%)  6 (16%) 4 (11%) 3 (8%) 1 
Task 18 43 4 (9%) 2 (5%) 1 (2%)  11 (26%) 13 (30%) 12 (28%) 5 









0 1 2 3 4 
Task 3 86 3 (4%) 1 (4%)  16 (19%) 66 (77%) 4 
Task 4 82 1 (1%)  2 (2%) 36 (44%) 43 (52%) 4 
Task 5 83 5 (6%) 3 (4%) 2 (2%) 38 (46%) 35 (42%) 3 
Task 6 82 3 (4%) 9 (11%) 2 (2%) 41 (50%) 27 (33%) 3 
Task 7 82 2 (2%) 3 (4%) 1 (1%) 42 (51%) 34 (42%) 3 
Task 8 68 19 (28%) 11 (16%) 3 (4%) 32 (47%) 3 (4%) 3 
Task 9  76 13 (17%) 11 (15%) 6 (8%) 31 (41%) 15 (20%) 3 
Task 10 74 23 (31%) 16 (22%) 14 (19%) 10 (14%) 11 (15%) 1 
Task 11 71 18 (25%) 4 (25%) 12 (17%) 13 (18%) 24 (34%) 3 
Task 13 61 9 (15%) 2 (3%) 2 (3%) 21 (34%) 27 (44%) 3 
Task 18 43 4 (9%) 3 (7%)  22 (51%) 14 (33%) 3 
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-        
Total tasks completed 




0.93** -       
Average speed score 3.5 
(3-4) 















0.35** 0.30** 0.12 0.14 0.14 -   
Previous touchscreen 
use 
- 0.04 0.14 -0.06 0.27* 0.23* 0.06 -  
CBCL total problems 14.5  
(7.8-29.3) 
0.02 0.14 0.04 0.02 0.03 0.08 0.03 - 
T a ble  6 .1 1:  C o rr e la t io n  ma t r i x  s h ow in g  c o rr e la t io ns  be twee n  s um m at i ve  sc o re s ,  p rev i ou s  to uc hsc ree n  u sa ge  
a n d  t o ta l  pr ob lem  sco re s  o f  t he  C hi l d  Beh av io u ra l  C heck l i s t .  *p< 0. 05 ,  **p < 0. 01  TTC =t o ta l  t a sks  c om ple t e d ,  
r an ge  (0 -1 8) ,  TT C WV D=  to t a l  t a sk s  co mple t ed  wi th ou t  r eq u i r ing  a  vi s ua l  dem on st ra t i on ,  r an ge  ( 0 -18 ) ,  




6 . 2 . 4 . 3  C om par i s on  o f  Bab ys c r een  Ap p  p e r fo rman ce  a nd  Ba yl e y -
3  Co gni t i ve  Sco re s  
P e r fo rma n ce  o f  t he  c oh or t  o f  c h i ld re n  on  the  Ba b ys c ree n  Ap p  
w a s  c ompa re d  wi t h  th e i r  con temp or a r y pe r f o r mance  in  t h e  
c o gn i t i ve  su b sca l e  o f  t he  Ba yl e y S ca l e s  o f  In fa n t  a nd  T od dle r  
D e ve lo pme nt  (E d i t i on  3 ) .  Pe r f o r manc e  on  i nd i vi dua l  t a sk s  was  
e xami ned  f o r  r e l a t i on s h ip  t o  c ogn i t i ve  sco re s .  C o gni t i ve  sco re s  
d i f fe re d  s i gn i f i can t l y b e t ween  c h i l d re n  wh o  s ucce s sf u l ly  
c ompl e t ed  a nd  ch i ld ren  wh o  fa i l e d ,  o n  t a sk s  1 ,  2 ,  7 ,  9  a nd  10  
(T a b le  6 .1 2) .  Am on gs t  ch i ld ren  w ho  su ccee ded  i n  eac h  t a sk ,  
c o gn i t i ve  sco re s  d i f fe red  s i gn i f i ca n t l y b e t wee n  ch i ld ren  w ho  
r eq u i re d  a  dem on st ra t i on  t o  com ple t e  t he  t a sk  a nd  t ho se  t ha t  d i d  
n o t  i n  t a sk s  1 ,  6  a nd  1 1  (T a b le  6 . 1 3) .  
S p eed  sco re s ,  a ccu rac y s c ore s  an d  e f f i c i enc y s c o re  fo r  eac h  t a sk  
w er e  co r re l a t ed  a ga i n s t  c o gn i t i ve  sc ore s  f r om th e  Ba yl e y - 3  
( T ab le  6 .1 4 ) .  Sma l l  t o  m edi um p o s i t i ve  c or re l a t i o n s  were  f ou nd  
b e t ween  s ome  o f  t he  a pp  t a sk s  a nd  c o gn i t i ve  sc or e s .  S i gn i f i can t  
c o r re l a t i on s  wer e  fo un d  be t ween  s peed  sc ore s  i n  t a s k s  1 ,  10  a nd  
1 1  an d  co gn i t i ve  sco re s .  Ta sk s  wi t h  d i s t r ac to r s  we re  a l so  
a s s i gne d  accu r ac y a n d  e f f i c i e nc y s c ore s .  Accu rac y s c ore s  
s i gn i f i ca n t l y c or re l a t e d  wi t h  c ogn i t i ve  s co re s  on  t a sk s  6 ,  1 0  and  
1 1  whi l e  e f f i c i e nc y s co re s  co r re l a t ed  s i gn i f i can t l y o n  t a s ks  6 ,  10  











Task 1 95 105 (95-115) 100 (85-102) 0.019* 
Task 2 92 105 (100-115) 90 (81-106) 0.038* 
Task 3 86 105 (100-115) 100 (90-100) 0.929 
Task 4 82 105 (98-110) 105 (105-105) 0.902 
Task 5 83 105 (100-115) 110 (93-113) 0.963 
Task 6 82 105 (100-115) 95 (85-95) 0.063 
Task 7 82 105 (100-114) 78 (70-78) 0.004* 
Task 8 68 100 (98-115) 105 (100-115) 0.354 
Task 9  76 105 (100-115) 95 (90-105) 0.044* 
Task 10 74 105 (100-115) 100 (90-105) 0.003* 
Task 11 71 105 (100-115) 100 (90-111) 0.160 
Task 12 70 105 (100-110) 108 (98-119) 0.532 
Task 13 61 105 (100-115) 105 (90-110) 0.233 
Task 14 59 105 (100-115) 100 (95-110) 0.375 
Task 15  55 105 (95-115) 105 (100-110) 0.857 
Task 16 40 103 (100-110) 103 (100-114) 0.692 
Task 17 37 105 (100-115) 100 (99-110) 0.169 
Task 18 43 105 (100-115) 105 (105-109) 0.856 
T a ble  6 .1 2:  Me dia n  ( I n t e r qu ar t i l e  Ra ng e )  co gn i t i ve  sc o re s  on  Ba y ley -3  o f  ch i ld re n  wh o  s uccee de d  an d  f a i l e d  
i n  e ach  B aby sc ree n  A pp  t as k ,  p -va lue  r ep re sen t s  be t we en  g ro up  d i f fe re nce s  on  Man n  Whi t ne y U  t e s t i n g .  











Task 1 86 100 (90-105) 105 (100-115) 0.005* 
Task 2 86 105 (105-105) 105 (100-115) 0.294 
Task 3 83 105 (105-105) 105 (99-115) 0.940 
Task 4 81 100 (90-100) 105 (100-110) 0.672 
Task 5 78 105 (105-115) 105 (98-115) 0.308 
Task 6 79 95 (90-105) 105 (100-115) 0.005* 
Task 7 80 103 (86-119) 105 (100-110) 0.840 
Task 8 49 100 (90-119) 105 (100-115) 0.430 
Task 9  63 105 (95-115) 105 (100-115) 0.925 
Task 10 51 108 (100-115) 105 (100-118) 0.923 
Task 11 53 100 (93-109) 110 (100-115) 0.035* 
Task 12 64 103 (90-110) 105 (100-115) 0.141 
Task 13 52 108 (100-126) 105 (100-115) 0.679 
Task 14 52 100 (98-113) 105 (100-115) 0.546 
Task 15  19 105 (95-110) 110 (85-119) 0.545 
Task 16 16 100 (85-100) 105 (100-113) 0.146 
Task 17 19 100 (88-123) 110 (103-115) 0.467 
Task 18 39 115 (90-115) 103 (100-115) 1.000 
T a ble  6 .1 3:  Me dia n  ( I n t e r qu ar t i l e  Ra ng e )  co gn i t i ve  sc o re s  on  Ba y ley -3  o f  ch i ld re n  wh o  re qu i red  a  
d em on s t r a t i on  a nd  th o se  wh o  d id  no t  i n  o r de r  t o  c o mpl e t e  i n  eac h  B aby sc re en  Ap p  t a sk ,  p -va lue  re pre se n t s  




 N Speed Score Accuracy Score Efficiency Score 
Task 1 95 0.238   
Task 2 92 0.196   
Task 3 86 0.022 0.011 0.034 
Task 4 82 0.135 0.031 0.082 
Task 5 83 0.066 -0.013 0.045 
Task 6 82 0.164 0.308 0.248 
Task 7 82 0.122 0.174 0.166 
Task 8 68 0.008 -0.014 0.013 
Task 9 76 0.148 0.155 0.158 
Task 10 74 0.324 0.320 0.333 
Task 11 71 0.236 0.237 0.216 
Task 12 70 0.125   
Task 13 61 0.228 0.206 0.257 
Task 14 59 0.088   
Task 15 55 0.007   
Task 16 40 0.026   
Task 17 37 0.307   
Task 18 43 0.101 0.058 0.095 
T a ble  6 .1 4:  C o rr e la t io ns  be tween  spe ed  s co re s ,  a ccu r acy  sc o re s  a n d  e f f i c i e ncy  sc o re s  ag a in s t  cog n i t i ve  





S u mmat i ve  sco re s  o f  a pp  pe r f o r manc e  we re  co r r e l a t e d  wi th  
c o gn i t i ve  c omp o si t e  sc ore s .  S ign i f i ca n t  me diu m s i zed  p o s i t i ve  
c or re l a t i on s  wer e  e v i den t  be t wee n  e ach  o f  t he  s ummat i ve  sco re s  
a nd  c o gn i t i ve  c omp o si t e  sc ore s  (F ig u re  6 .2 7  a nd  T a b l e  6 .1 5) .  As  
t w o  o f  t he  su mmat i ve  sco re ,  t o t a l  t a s k s  com ple t ed  a nd  t o t a l  t a sk s  
c ompl e t ed  wi t ho u t  v i sua l  demo ,  we re  a f fec t e d  b y th e  a ge  o f  t he  
c h i ld ,  pa r t i a l  c o r re l a t i on s  co n t r o l l i n g  f o r  a ge  we re  p e r fo r med .  
C o r re l a t io n s  wi th  co gn i t i ve  s cor e s  rem a ine d  s i gn i f i ca n t  d e s p i t e  
a ge  be i n g  co n t r o l l e d .   
O ne  o f  t h e  a im s  du r in g  de ve l opme nt  o f  t he  Bab ys c re en  Ap p  was  
t o  r ed uce  t he  dema nd  o f  l an gu a ge  s k i l l s  on  pe r f o rm ance  in  a  
c o gn i t i ve  a s se s sme nt .  Whi l e  ove ra l l  pe r fo rma nce  in  l an gu a ge  
a b i l i t i e s  an d  c o gn i t i ve  a b i l i t i e s  a re  a l wa ys  l i ke l y to  be  s ome wh at  
c or re l a t e d ,  man y c o gn i t i ve  a s se s sme nt s  i n c lu d in g  t he  c o gn i t i ve  
s ec t i on  o f  t he  Ba yle y r e l y h e av i l y o n  ve r ba l  i ns t r uc t i on s  and  
h ence  ve rba l  c omp reh en s i on  to  c ompl e t e  t he  t a sk s  s ucce s sf u l l y .  
In  fac t  i n  o ur  co ho r t  co gn i t i ve  c omp o s i t e  s co re s  c or re l a t ed  
s i gn i f i ca n t l y w i th  l an gua ge  c omp o si t e  sc or e s ,  ρ=0 .5 23  
( p< 0. 00 1) .  When  l a n gua ge  co mpo s i t e  sc ore s  w ere  co r re l a t ed  wi th  
eac h  o f  t h e  f i ve  s umma t i ve  s co re d  o f  pe r fo rma nce  on  t he  
Ba b ys c ree n  Ap p ,  c o r re l a t i o n s  we re  sma l l e r  (T ab le  6 .1 6) .  Medi a n  
( IQ R )  l a n gua ge  c omp o si t e  sc or e s  we re  10 3  ( 97 -1 21 ) .  In  f ac t  on ly  
t he  n umbe r  o f  t o t a l  t a s k s  s ucce s sf u l l y  c om ple t e d  an d  a ve ra ge  
s pe ed  sc ore  co r re l a t e d  s i gn i f i ca n t l y w i t h  l a n gua ge  com po si te  
s co re s .   
T he  m edia n  ( IQ R)  mot or  c omp os i t e  sco re  o f  t he  c oh or t  wa s  10 3  
( 98 -1 10 ) .  Mot or  com po si t e  scor e s  co r re l a t e d  s i gn i f i can t l y w i th  
c o gn i t i ve  com po si t e  sc ore s  i n  t h i s  c oh or t ,  ρ =0 .5 64  ( p<0 .0 01 ) .  
Ho w e ve r ,  whe n  mot or  c omp o si t e  sc ore s  were  c or re l a t ed  wi th  
s u mmat i ve  pe r fo rma nce  sc ore s  on  the  Ba b ys c ree n  App ,  
c o r re l a t i on s  we re  a ga i n  sma l l e r  o n l y reac h i n g s i gn i f i ca nce  in  
t o t a l  n um ber  o f  t a sk s  c ompl e t ed  s ucce s sf u l l y ,  t o t a l  n umbe r  o f  
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t a s k s  c omp le t e d  wi t ho u t  r e qu i r in g  a  dem on st ra t i on  an d  a ve ra ge  
s pe ed  s co re  (T a b le  6 . 16 ) .   
T he  ab i l i t y  o f  p e r fo r manc e  on  t he  ap p  to  p re d ic t  a bn orma l  
c o gn i t i ve  c omp o si t e  sc or e s  o n  th e  Ba yle y -3  w a s  e xami ned .  When  
t he  a b i l i t y  o f  ea ch  s umma t i ve  sco re  t o  d i f f e re n t i a t e  c h i ld re n  wi th  
c o gn i t i ve  com po si t e  sc ore s  a bo ve  85  (1  SD  be lo w  t he  
s t a nda rd i se d  mean )  f r om th os e  w i t h  sc ore s  be l o w wa s  t e s t ed ,  no  
s i gn i f i ca n t  d i f f e re nce  wa s  d e t ec t e d  (T ab l e  6 .1 7) .  Pe r fo rman ce  in  
Ba b ys c ree n  Ap p  summ at i ve  s cor e s  wa s  hen ce  u nab le  t o  p re d ic t  
s co re s  l e s s  t han  85 .  Ho we ve r ,  w he n  an  a l t e rna t i ve  c u t -o f f  o f  90  
o n  c o gn i t i ve  c omp o si t e  sc ore s  w a s  u se d ,  pe r f o rma nce  i n  ea ch  o f  
t he  f i ve  sum mat i ve  s co re s  wa s  ca pab l e  o f  p re d ic t in g  co gn i t i ve  
p e r fo rman ce  be l ow  t h i s  cu t -o f f  (T a b le  6 . 17 ) .  As  t he  mea n  ( SD )  
s co re  i n  t he  c o gn i t i ve  su b sca l e  o f  t he  Ba yl e y -3  wa s  1 02  (± 12) ,  
t h i s  a l t e rn a t i ve  cu t -o f f  co r re s po n ds  to  1 S D be lo w t he  mea n  in  
o ur  p i lo t  c oh or t .  Th i s  c u t -o f f  ha s  a l so  been  p ro po se d  in  t h e  
l i t e ra t u r e  (3 24) .   
B y c o n ve r t i n g  each  su mmat i ve  s co re  f o r  each  c h i ld  t o  a  0 -1 00  
s ca l e ,  a  c omb ine d  sco re  o f  o ve ra l l  ap p  pe r f o rm ance  wa s  de r i ved .  
T h i s  com bi ned  sc ore  c ou l d  ra n ge  f ro m  0  t o  50 0  ba se d  o n  a  sum 
o f  t h e  re sca l e d  s umma t i ve  sc ore s .  Me dian  ( IQR )  co mbi ned  sc ore  
f o r  t he  co ho r t  wa s  3 14  ( 25 6 -36 8) .  C ombi ne d  sc ore s  co r re l a t ed  
w i t h  c o gn i t i ve  com po si t e  sc ore s  bu t  d id  n o t  d i f fe r  s ub s t a n t i a l l y  
f ro m co r r e l a t io n s  de r i ved  f r om eac h  i nd i v id ua l  s ummat i ve  sco re ,  
ρ =0 .3 02  ( p= 0. 00 3) .  The  c om bin ed  sco re  wa s  ab l e  t o  p red i c t  
c o gn i t i ve  c omp o si t e  s co re s  l e s s  t ha n  9 0  wi t h  a n  a rea  un de r  t he  




a )                                                                              b )          
 
Fi gu re  6 .2 7:  Sc a t t e r p lo t s  o f  a )  t o ta l  n u mbe r  o f  t a sk s  co m ple t e d  s uc ce ss fu l l y  an d  b )  t o t a l  n um be r  o f  t a sk s  
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T a ble  6 .1 5:  C o rr e la t io n  o f  ap p  sc or es  a ga in s t  t he  c og n i t i ve  co mp o s i t e  sco re s  o f  t h e  B SI D -I I I .  *p a r t i a l  





C or re la t i on  w i th  L a ng u age  
C o mpos i t e  Sc ore s  
C or re la t i o n  w i th  M ot or  
C o mpos i t e  Sc ore s  
 S pe a r ma n n ’ s  ρ  p -v a l ue  S pe a r ma n n ’ s  ρ  p -v a l ue  
T ot a l  T a s ks  
C o mpl e t e d 
0 . 22 4  0 . 04 8 * 0 . 22 2  0 . 04 6 * 
T ot a l  t a s ks  
c ompl e te d 
w i th ou t  de mo  
0 . 21 2  0 . 07 0  0 . 23 6  0 . 03 6 * 
A ve ra ge  S pee d 
S c ore  
0 . 27 3  0 . 01 6 * 0 . 26 0  0 . 01 9 * 
A ve ra ge  
A cc ur acy  Sc ore  
0 . 15 0  0 . 20 3  0 . 01 9  0 . 09 4  
A ve ra ge  
E f f i c i e ncy  
S c ore  
0 . 13 6  0 . 24 6  0 . 21 4  0 . 05 8  
T a ble  6 .1 6:  C o rr e la t io ns  be tween  l an gu age  co m po s i t e  sc or es ,  mo to r  co mp o s i t e  sco re s  a nd  the  su m m at i ve  













AUROC CI p-value 
Total tasks 0.174 0.638 0.41-0.87 0.175  0.014* 0.681 0.54-0.82 0.015* 
Total tasks 
w/o demo 
0.624 0.556 0.30-0.81 0.626  0.020* 0.685 0.54-0.83 0.020* 
Average 
Speed Score 








0.179 0.644 0.43-0.86 0.179  0.005* 0.726 0.59-0.87 0.005* 
T a ble  6 .1 7:  M an n  Whi t ney  p -va lu e  i nd i ca te s  t h e  ab i l i t y  o f  eac h  o f  t he  s u mm at i v e  sc or es  t o  d i f f e r en t ia t e  
c h i ld re n  wi t h  c og n i t i ve  sc o re s  be l ow  a nd  a bov e  an d  t he  cu t -o f f .  Ab i l i t y  o f  s ummat i ve  sco re s  t o  p re d ic t  
a bn orma l  Ba yl e y co g  sc ore s  i s  sh o wn  wi t h  AU R O C,  C I  a nd  p -va l ue .  AU R OC  =  a re a  u n de r  t he  r ece i ve r  ope ra to r  
c u r ve ,  C I  =  c on f ide nce  in t e r va l
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6 . 2 . 4 . 4  Hi gh  Ri s k  Gr ou p  St ud y –  H yp o xic - I s c haemic  
E ncep ha l opa th y  
Wh i l e  t he r e  w as  a  s i gn i f i c an t  be t wee n -gr ou p  d i f fe ren ce  in  
Ba yl e y-3  c o mp os i t e  sco re s  i n  a l l  t h r ee  adm in i s t e red  s ub sca l e s  
d e t ec t e d  w hen  com par in g  t he  HIE  gr ou p  t o  t he  pe r ina t a l  
a sp h yx ia  an d  c on t ro l  g ro up  ( s ee  T abl e  6 .5 ) ,  t he re  wa s  no  
s i gn i f i ca n t  d i f fe re nce s  i n  t he  HIE  gro up  f o r  a pp  pe r f o rm ance  on  

















10 (7-13) 9 (6-10) 0.214 
Average speed 
score 
3.5 (3.0-4.1) 3.3 (2.6-3.6) 0.087 
Average 
accuracy score 




7.4 (5.7-8.6) 6.6 (5.9-8.2) 0.620 
Age (months) 20 (19-21) 21 (19-22) 0.153 
T a ble  6 .1 8:  C o mp ar i s on  o f  su mm a t i ve  sc o re s  i n  t he  p i lo t  g r ou p  
(m a de  o f  c on t r o l  an d  pe r i na t a l  a s phy x ia  co ho r t s )  v e r s u s  t he  
h yp ox ic - i sch ae mic  ence ph a l op a th y  gr ou p  
 
In  t he  HIE  gro up ,  o ve ra l l  ap p  pe r fo rma nce  mea s ure s  fa i l ed  to  
c or re l a t e  wi t h  Ba yle y -3  c o gn i t i ve  com po si t e  sco re s  an d  cu t -o f f  
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p o i n t s  i de n t i f i ed  in  t he  p i l o t  g r ou p  f o r  t he se  mea s ure s  d i d  no t  








Total tasks completed  
(n=12) 
<12 80% 86% 80% 86% 0.07 0.66 
(0.02) 
Total tasks completed without demo 
(n=12) 
<10 50% 75% 80% 43% 0.58 0.21 
(0.41) 
Average speed score  
(n=12) 
<3.34 43% 60% 60% 43% 1.00 0.03 
(0.92) 
Average accuracy score 
(n=9) 
<2.61 40% 50% 50% 40% 1.00 -0.10 
(0.76) 
Average efficiency score 
(n=9) 
<6.80 50% 66% 75% 40% 1.00 0.14 
(0.64) 
T a ble  6 .1 9:  U t i l i t y  t e s t i ng  o f  c u t -o f f s  i n  ap p  per fo r ma nce  s u m ma t i ve  s co re s  f o r  ab i l i t y  t o  p re d ic t  co gn i t i ve  
s co re s  l e s s  t ha n  90  i n  t he  H IE  gr o up .  *C ut -o f f s  de r i ve d  f r om coo rd ina t e s  o n  the  R O C i n  t he  p i l o t  co ho r t .  
P P V = po s i t i ve  p re d ic t i ve  va l ue ,  N P V  =  ne ga t i ve  p red i c t i ve  va lue .  
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6 . 2 . 5  D i scu s s i on  
T h i s  w or k  ha s  sh ow n  the  pe r f o r manc e  o f  a  n o ve l  co gn i t i ve  
a s se s smen t  i n  a  co ho r t  o f  t o dd le r s  u s in g  a  t o uch -s c ree n  p l a t f o r m.  
T h i s  p i lo t  c oh or t  o f  l o w - r i sk  1 8 -2 4  m ont h  o ld s  were  t e s t e d  u s ing  
t he  Ba b ys c ree n  Ap p  an d  the  Bayl e y S ca l e s  o f  In fa n t  an d  T od dle r  
D e ve lo pme nt  ( Ed i t i o n  3 ) .  We  ha ve  sh o wn  tha t  summ at i ve  sco re s 
d e r i ved  f r om a pp  pe r fo rma nce  co r r e l a t e  wi t h  pe r fo rma nce  on  t he  
c o gn i t i ve  su bsc a l e  o f  t he  Ba yl e y -3 .  We  ha ve  a l s o  sh ow n  t hat  
c ompa re d  t o  t h e  c o gn i t i ve  su b sca l e  o f  t he  Ba yl e y -3 ,  t he  
Ba b ys c ree n  Ap p  co r re l a t e s  l e s s  wi t h  l an gua ge  an d  m otor  
p e r fo rman ce .  T h i s  s up po r t s  t he  h yp o th es i s  t ha t  t he  Ba b ys c reen  
Ap p  wi l l  be  a b l e  t o  r e duc e  re l i an ce  on  l a n gua ge  an d  mot or  s k i l l s  
f o r  t he  sp ec i f i c  a s se s sme nt  o f  co gn i t i on .  Fi n a l l y ,  w e  ha ve  s ho wn 
t he  a b i l i t y  o f  pe r fo rma nce  on  the  Ba b ys c r een  App  to  p r ed ic t  l ow 
s co re s  l e s s  t ha n  9 0  o n  the  c o gn i t i ve  s ub sca l e  o f  t he  Ba yle y -3 .  
Al t o ge t he r  t h i s  gi ve s  a n  in d ica t io n  o f  t he  p o te n t i a l  o f  t he  
Ba b ys c ree n  Ap p  a s  a  t o o l  f o r  cogn i t i ve  a ss e s sm ent  i n  t od d le r s .  
T h i s  p ro s pec t i ve  s t ud y w i t h  d e t a i l ed  da t a  co l l ec t i on  re ga r d ing  
t he  ne ona ta l  c ou r se  o f  t he  pa r t i c i pan t s  i s  t he  f i r s t  t o  de ve lo p  a nd  
t e s t  a  t ouc h -sc reen  co gn i t i ve  a ss e s smen t  i n  t h i s  a ge  g ro up .  I t  i s  
p a r t  o f  a n  on go in g  de ve lo pme nt  p ro ce ss  t o  p ro duc e  a  va l i da t ed  
a nd  s t a nda rd i s ed  t oo l  t ha t  w o ul d  a id  p s yc ho lo g i s t s  and  
p aed i a t r i c i an s  i n  t he  e a r l y de t ec t i on  o f  d i s o r de r s  o f  co gn i t i o n  in  
c h i ld re n .   
 
6 . 2 . 5 . 1  S t ren g th s  an d  Li m i t a t io ns  
T he  s t re n gt h s  o f  t he  Ba b ys c reen  Ap p  in c lu de  i t s  po r t a b i l i t y  a nd  
ea se  o f  admi n i s t ra t i on .  The  Ba y le y -3  re qu i re s  a  tw o  da y t r a i n ing  
c ou rs e  i n  a dmi n i s t r a t i o n  an d  sco r i n g ,  t he  u se  o f  a  k i t  co n ta i ned  
i n  a  b r i e fca se  an d  h an dw r i t t e n  s co r in g  o n  a  r e co rd  fo rm . 
Ad m in i s t ra t i on  f o r  t he  comp le t e  a s se ss ment  i s  a ge  a nd  
p e r fo rman ce  de pen den t ,  bu t  t a kes  ap pr ox ima te l y 9 0  mi nu te s .  The  
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Ba b ys c ree n  Ap p  r eq u i re s  acce s s  t o  a n  i P AD  w hic h  au toma t i ca l ly  
p ro du ce s  a  r e su l t s  o u tp u t .  The  sc or i n g  o f  t h e  a s se ss ment  a l so  has  
t he  p o te n t i a l  t o  be  fu r the r  au toma t ed .  I t  r eq u i re s  m in im a l  i n pu t  
f ro m an  a ss e s s or  an d  t a ke s  a pp ro x ima t e l y 10  min u te s  t o  
a dmin i s t e r .   
T he  Bab ys c r een  Ap p  ha s  a l s o  bee n  s ho wn ,  i n  o ur  wor k ,  t o  be  l e ss  
r e l i a n t  o n  l an gua ge  a nd  m oto r  s k i l l s  t ha n  th e  Ba yl e y c o gn i t i ve  
s ca l e .  Th i s  o pen s  u p  the  o pp or tu n i t y f o r  a sse s sme nt  o f  c h i l d ren  
w i t h  mi ld  to  mo de r a t e  s pec i f i c  l a n gua ge  o r  m ot or  de f i c i t s  fo r  t he  
s pe c i f i c  a s se s sme nt  o f  co gn i t i o n .   
I t  a l so  a ppea r s  t ha t ,  i n  t h i s  c oh or t ,  p e r fo rmanc e  on  t he  a pp  i s  n ot  
a f fec t ed  b y p re v i ou s  t ouc h sc reen  ex pe r i ence .  A t e s t  o f  c o gn i t i ve  
f un c t io n i n g tha t  w as  co nf ou nded  b y t he  n eed  fo r  p r i o r  s k i l l s  i n  
t he  p l a t f o rm  wo ul d  un fa i r l y  d i s ad van ta ge  t he  min or i t y  o f  
c h i ld re n  w ho  had  no t  been  e xp os ed  t o  t h i s  m edia .  Th e re fo re ,  t h i s  
i s  a  p r omi s in g  f in d in g .  Ho w e ve r ,  wh i l e  we  k no w  f re que nc y o f  
p re v io u s  u sa ge ,  we  d o  no t  have  de t a i l s  o f  t he  co n te n t  o f  t h e  
t ouc h sc re en  me dia  t he  ch i l d re n  were  a l re ad y ex po se d  t o .  
C h i l d re n  wh o  a re  me re l y s ho w n v ide o s  o n  a  t ouc h sc r een  de v ice  
ma y b e  rep or t e d  to  ha ve  f re que n t  e xp o su re  bu t  ma y n o t  ha ve  
d e ve l op ed  th e  s k i l l s  r e qu i re d  t o  i n t e rac t  wi t h  t he  sc r een  a nd  
h ence  ma y h a ve  b i a sed  t h i s  r e su l t .  Fu r t he r  s t ud y w i l l  be  req u i red  
t o  c on f i r m t h i s  f i n d i n g .  
Am o n g  ou r  pa r t i c i pan t s ,  pa ren ta l l y  r e po r t e d  beh a vi ou r  a l so  d id  
n o t  a ppe a r  t o  a f fec t  a pp  pe r f o rma nce .  I t  had  bee n  su sp ec t ed  tha t  
c h i ld re n  w ho  su f fe red  va r i ou s  be ha vi ou ra l  va r i a n t s  s uc h  a s  be ing  
w i t hd ra wn or  a ggr e s s i ve  ma y h a ve  a l so  bee n  d i sad va n ta ge d  in  
t he  a pp  pe r f o rma nce .  Wh i l e  s o me  c h i ld ren  were  u nab le  t o  
c ompl y w i t h  a pp  admi n i s t ra t i on  du e  to  p oo r  a t t en t i on  o r  
d e f i a nce ,  o ve r a l l  t h i s  d id  no t  ap pea r  t o  co r re l a t e  wi t h  r ep or t ed  
b eha v io ur a l  d i f f i c u l t i e s .  Ho we ve r ,  a s  be ha vi ou r  w as  depe nd en t  
o n  pa ren ta l  r e po r t  t he re  i s  an  in he ren t  b i a s  t ha t  m u s t  be  t a ken  
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i n to  co n s id e ra t io n .  Al s o ,  o ur  i n t e r ac t i on  wi th  the  ch i ld ren  i s  
b a s ed  on  o ne  b r i e f  win do w  i n  t ime .  Th i s  i s  un l ike l y t o  g i ve  u s  an  
acc ur a t e  r e pr e s en ta t io n  o f  t he  c h i ld re n’ s  o ve ra l l  c ompl i ance .  
O ve ra l l ,  a  c oh or t  wi th  m ore  c l ea r l y de f i ned  be ha v io ur a l  
d i f f i cu l t i e s ,  suc h  a s  AD HD ,  m a y pe r f o rm  d i f f e re n t l y.   
T he  a b i l i t y  o f  t he  Bab ys c ree n  Ap p  t o  co r r e l a t e  wi t h  t he  
c o gn i t i ve  s ub sca l e  o f  t he  Ba yl ey i s  a n  imp or t a n t  i nd ica to r  o f  i t s  
u t i l i t y  f o r  co gn i t i ve  a s se ss ment .  Ho we ve r ,  t h i s  i s  j u s t  t he  f i r s t  
s t e p  i n  t e s t i n g  i t s  fu nc t i on .  An  i dea l  co gn i t i ve  a s se s smen t  fo r  
t od d le r s  sh ou l d  i mp ro ve  on  t he  Ba yl e y -3 ,  wh ich  i s  
p re domi na n t l y a  mea s ure  o f  deve lo pme nta l  p ro gre s s  an d  mo ve  
t o war ds  a  ro bu s t  ne ur o -p syc h o met r i c  t e s t  o f  c o gn i t i ve  
d e ve l op ment .   
T he  l imi t a t io n s  o f  t h i s  wo rk  i nc l ude  t he  t ech n ica l  c ha l l e n ge s  o f  
t he  u se  o f  a  ne w  t ec hn o l o gy.  D u r in g  th e  p i l o t  p ha se ,  se ve ra l  
g l i t c he s  suc h  a s  t a sk  s k ip p i n g ,  no n - fu nc t i on i n g  com man d s  and  
l o ss  o f  o u t pu t  f i l e s  eme r ged .  Th es e  t ech n ica l  d i f f i c u l t i e s  
r e s u l t e d  i n  l o s t  da t a  an d  a f fec t e d  re s u l t  i n t e r p r e t a t i on .  Thes e  
f au l t s  r eq u i re  r e s o l u t io n  an d  o p t imi sa t io n  p r i o r  t o  fu r the r  
t e s t i n g .   
T he re  wa s  a l s o  a  s ma l l  su b gro u p  w ho  d id  no t  c om pl y w i th  
t e s t i n g .  Pa r t i c i pa t i on  ma y be  imp ro ve d  wi t h  i n -a pp  cha n ge s  s uch  
a s  m ore  a t t r a c t i ve  gr ap h ic s  a nd  op t imi s in g  t he  p o s i t i ve  
r e in fo rceme nt  mea su re s .  Th e re  ma y a l s o  be  op t io ns  f o r  
im pr o vi n g  th e  t e s t i n g  en v i r on me nt  t o  ma ke  i t  m ore  com fo r t a b le  
a nd  c on duc i ve  t o  t he  t a s k .  Eve n  p rac t i ca l  mea s ure s  su ch  a s  
e ns ur in g  t e s t i n g  oc cu rs  a t  a n  op t i ma l  t i me  o f  da y,  w hen  the  ch i ld  
i s  n o t  t i r e d  o r  h un gr y,  ma y e nhan ce  c om pl i a nce .   
D ue  to  t he  l imi t ed  a ge  ra n ge  o f  t he  co ho r t  t e s t e d  we  d i d  no t  
o b se r ve  a ge  re l a t e d  d i f fe r ences  i n  i nd i v id ua l  t a sk  c om ple t i on  
t i mes  o r  i n  summa t i ve  s co re s  e xcep t  f o r  t o t a l  t a sk s  c om ple t ed  
a nd  t o t a l  t a sk s  c om p le t ed  w i th ou t  vi s ua l  demo .  T he  Bab ys c reen  
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Ap p  re qu i re s  t e s t i n g  i n  a  l a r ge r  c oh or t  o ve r  a  b roa de r  a ge  r an ge  
i n  o r de r  t o  f u l l y  e xp lo re  fo r  a ge  re l a t ed  d i f fe re nce s  an d  t o  
d e t e r mine  f lo or  an d  ce i l i n g  bo un da r i e s  i n  pe r f o rma nce .   
T he  su mmat i ve  sc ore s  o f  pe r fo rm a nce  on  the  Ba b ys c reen  Ap p  
w er e  una b le  t o  p re d ic t  sco re s  o n  the  c o gn i t i ve  s ub sc a l e  o f  t he  
Ba yl e y-3  l e s s  t han  85  (1  s t a nda r d  d e via t io n  be l o w  th e  re fe re nce  
mea n) .  Th i s  i s  l i ke l y d u e  to  t he  l ow  num be rs  i n  t h e  co ho r t  w ho  
s co re d  be l ow  t h i s  cu t -o f f .  Al t e rn a t i ve l y t h i s  m a y be  t oo  l ow  f o r  
o ur  c oh or t .  Al l  s umma t i ve  sco re s  were  a b l e  t o  s i gn i f i ca n t ly  
p re d ic t  a  c o gn i t i ve  c omp o si t e  sc ore  l e s s  t ha n  9 0 .  T h i s  sco re  wa s 
t e s t e d  a s  i t  ha s  been  s u gge s t ed  a s  an  a l t e r na t i ve  c u t -o f f  f o r  
m oni to r in g  de ve l opme nta l  de l ay d u e  to  t he  n o ted  d i sc r epa nc ie s  
i n  sc or in g  be t wee n  the  Ba yl e y -2  an d  th e  Ba yl e y-3  ( 3 24 ) .  Te s t i ng  
i n  a  b roa de r  co ho r t  o f  ab i l i t i e s  w o ul d  b e  r eq u i re d  t o  de t e rmi ne  i f  
t he  a pp  i s  ab l e  t o  p re d ic t  mo r e  ab n orma l  sco re s .   
T he  Ba b ys c r een  Ap p  wa s  u na b le  t o  d i f f e re n t i a t e  c o gn i t i ve  
p e r fo rman ce  i n  t he  h i gh  r i s k  g ro u p  s t ud y o f  a  c oh or t  o f  i n fan t s  
w i t h  h yp o x ic - i sch aemic  e ncep ha l opa th y a t  b i r th ,  t ho u gh  to t a l  
t a s k s  c ompl e t ed  l e s s  t ha n  12  sh o wed  goo d  a gree men t ,  
Ka p pa= 0 . 66 ,  fo r  ab no rma l  co gn i t i ve  s cor e s  be t ween  b o t h  g r ou p s .  
T he re  a re  a  num be r  o f  po ten t i a l  e xp lana t io n s  f o r  t h i s .  Fi r s t l y ,  
t h i s  sma l l  g r ou p  i s  un l ike l y t o  be  r ep re sen ta t i ve  o f  t he  b r oad  
s pe c t r um  o f  o u tco me s  in  c h i ld re n  wi th  HIE .  Th es e  ch i l d r en  a l so  
r ep re sen t  a  he t e r o ge neo u s  g r o up  p re dom ina te d  b y m i ld  
e ncep ha l opa t h y w i th  on l y o ne  in fa n t  wi th  s e ve re  HIE .  Th e re  i s  
a l s o  a  mi x  o f  t r ea t in g  a nd  un t rea t ed  ca se s  w i th  o n l y t ho se  wi th  
m ode ra t e  an d  se ve re  e nce pha l opa th y r ece i v in g  the rape u t i c  
h yp o t he rm ia .  T he  a l t e r na t i ve  p os s ib i l i t y  i s  t h a t  t h e  t r a j ec t o r y o f  
c o gn i t i ve  de ve lo pment  i s  so  a l t e r ed  in  c h i l d re n  fo l lo win g  
h yp o x ic - i sc haem ic  i n j u r y t ha t  cu t -o f f s  d e t e r mine d  f r om a  we l l -
b ab y g r o u p  ma y n o t  a pp l y.  Te s t i n g  in  a  l a r ge r  g r ou p  w i t h 
ca re f u l l y  d oc ument ed  se ve r i t y  a nd  t r e a t ment  o ve r  a  pe r io d  o f  
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t i me  i n  ch i l dh oo d  w ou ld  be  ne ces s a r y t o  f u r t he r  i n ve s t i ga t e  t he se  
i s su es .   
 
6 . 2 . 5 . 2  Fu t u r e  Wor k  
T he  Bab ys c r een  Ap p  rep re sen t s  a  qua n tu m l e ap  f o r wa rd  in  
c o gn i t i ve  a s se s sme nt  o f  t he  t od d le r  a ge  g r ou p .  I t  m o ve s  
n eu ro ps yc h o l o gi ca l  t e s t i n g  t o war d s  a  mo re  p ro gre s s i ve ,  s oc i a l l y -
acc ep ta b le  f o rm a t ,  o f f e r i n g  a  ne w  d imen s io n  t o  en ga g ing  
c h i ld re n  i n  t h i s  a ge  g ro up .   
T he  ne x t  s t ep  i s  t o  p roce ed  w i th  f u r the r  va l i da t i on  o f  t h e  
n eu ro ps yc h o l o gi ca l  co ns t r uc t s  r ep re sen t ed  b y t he  t a sk s .  Th i s  
w i l l  l i ke l y l ead  t o  t a sk  re f i neme nt  an d  de ve lo pme nt  t o  fu r the r  
r ed uce  t he  nee d  f o r  an  a s se ss o r  t o  be  p re se n t .  Af t e r  t h i s ,  
n or ma t i ve  va l ue s  wi l l  ha ve  to  be  e s t a b l i she d  in  l a r ge r  p op u la t i on  
s t ud ie s  a nd  a  s t a nd a r d i sed  s co r i n g  mec ha n i sm.  Fr o m a  
t ec hn o l o gic a l  p o in t -o f -v i e w  t e s t  o u t pu t  wi l l  ha ve  t o  be  
s t r eaml i ned  t o  gi ve  a  s t an da rd i sed  sco re  f o r  us e r s  t o  d raw  
i n t e r p r e t a t i on s  f ro m.  Da ta  c ou l d  a l s o  be  c on t i nua l l y u p l oad ed  to  
ce n t r a l  se r ve r s  t o  p r o vi de  up  to  da t e  no rma t i ve  i n f o rm a t io n  on  a  
r e gi ona l ,  a ge - re l a t e d  o r  d i sea se  s pec i f i c  ba s i s .  Pre d ic t i ve ne s s  o f  
t he  Bab ys c ree n  Ap p  wi l l  a l s o  n eed  to  be  e s t a b l i she d  f o r  l a t e r  
aca demic  s k i l l s  a nd  c o gn i t i ve  ab i l i t y .  T he  Bab ys c ree n  Ap p  a l so  
r eq u i re s  fu r t he r  e xami na t i on  in  a l t e r na t e  s pec i a l  g r ou p s  o f  h i gh -
r i sk  i n f an t s  s uch  a s  p rema tu re  i n fan t s  w hic h  i s  a l r ea dy  
u n de r wa y.  T he  ap p  wi l l  a l so  b e  de ve lo pe d  a s  a  c omme rc ia l  
p ro du c t  fo r  d i s sem ina t io n  a mo n g p s yc ho l o g i s t s  and  
p aed i a t r i c i an s .   
T he re  i s  g r ea t  p o te n t i a l  t o  a dap t  t h i s  a pp  fo r  mul t ip l e  u se r s ;  f o r  
p s yc h o l o gi s t s  a s  a  mo re  fo rma l  a s se s smen t  wi t h  de t a i l e d  ou t pu t ,  
o r  i n  a  s im pl i f i ed  ve r s i on  a s  a  ba s i c  sc ree n i n g  to o l  t ha t  wo uld  be  
d o wn loa dab l e .  Ta s k s  co u ld  be  ad ap te d  t o  t e s t  u s i n g  p r o gre s s i ve  
c ompl ex i t y f o r  a n  ex t en ded  a ge  r an ge  a pp l i cab i l i t y .  S pec ia l  t e s t s  
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c ou l d  be  a dd ed  t o  sc ree n  f o r  s pec i f i c  d e ve l op ment a l  o r  
b eha v io ur a l  c on d i t i on s  su ch  a s  r e s po n se  i nh i b i t i on  in  AD HD  a nd  
f ace  p r oce s s in g  fo r  AS D  (4 06 ,  40 7) .   
O t he r  p o s s ib l e  e vo lu t io n s  inc l ud e  ada p ta t i on s  fo r  ch i l d r en  wi th  
s pe c i f i c  d i s ab i l i t i e s .  Th e  f i e ld  o f  h uma n -c omp ute r  i n t e r ac t i on  
h as  e xpa nde d  rap i d l y i n  recen t  decad es  a nd  ha s  had  h u ge  
im pl i ca t io n s  f o r  peo p le  wi t h  a  va r i e t y o f  d i sab i l i t i e s .  Fo r  
e xamp le ,  a l t e rna t i ve  s en so r y fee dba ck  s uch  a s  v ib ra t i on s  o r  
e nha nce d  v i s ua l  r e i n f o rc emen t  co u ld  be  inc lu ded  f o r  c h i l d ren  
w i t h  he a r i n g impa i rme nt  t o  r ep l ace  s ou nd  a s  enc ou ra ge ment .  
S e ns or y s u b s t i t u t i on  s uch  a s  t h i s  ha s  b een  p r e vi ou s l y p r op os ed  
u s in g  a  va s t  a r ra y o f  me t ho d s  a s  o u t l i ne  b y V i se l l ,  2 00 9  ( 40 8) .  
Fo r  c h i ld ren  wi t h  vi s ua l  imp a i rme nt s ,  p re v io u s  w or k  tha t  co u ld  
b e  ap p l i e d  to  c o gn i t i ve  a s se s sme nt  i nc lu de s  th e  u se  o f  t ac t i le  
ga mep ad s  a nd  au d io  c ue s  t ha t  a l l o w c h i ld re n  to  p l a y a  m emo ry  
ga me  b y R a i samo  e t  a l ,  2 0 07 ,  a nd  t he  u se  o f  3D  s ou nd -
i n t e r ac t i ve  en v i ro nmen t s  t o  po se  p ro b lem s so l v i n g t a s k s  by  
S a nche z  e t  a l ,  2 00 6  (4 09 ,  41 0) .   
E ven  ch i ld r en  wi th  mor e  seve re  mot or  d i sa b i l i t i e s  co u ld  
e ven t ua l l y  b e  a ss e s se d  wi t h  t r i gge re d  a s s i s t i ve  t ec hn o lo g ie s .  
T he se  i nc lu de  m ou se  re s po ns es  t r i gge red  b y i so l a t ed  b od y pa r t  
m o vem ent ,  e ye  mo veme nt  o r  e ven  b l i nk i n g  w hic h  ha ve  be en  us ed  
w i t h  s ucce s s  i n  a du l t s  (4 11 -4 13 ) .   
 
6 . 2 . 6  C o nc lu s i on  
T he  Bab ys c re en  Ap p  re pre se n t s  a  p ro mi s in g  t oo l  f o r  co gn i t i ve  
a s se s smen t  i n  t od d le r s .  T h i s  no ve l  t e s t  ha s  sh o wn  pr omi se  fo r  
t e s t i n g  o f  c o gn i t i ve  ab i l i t i e s  by s h o w i n g  c or r e l a t i on  wi t h  the  
c o gn i t i ve  s ub sc a l e  o f  t he  Ba yl e y -3  a n d  fo r  p red ic t i on  o f  l o we r 
s co re s .  I t  ha s  a l so  s ho w n dec rea se d  re l i an ce  o n  l a n gua ge  and  
m oto r  a b i l i t i e s  f o r  co gn i t i ve  a ss e s smen t ,  a  n o ve l  p r o gre ss io n  in  
t h i s  a ge  g ro up .  Whi l e  fu r t he r  t e s t i n g ,  a nd  l i ke l y f u r t he r  
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d e ve l op ment ,  i s  r e qu i re d  to  e s t a b l i sh  t he  Bab ys c ree n  App  a s  a  
u se fu l  t oo l  f o r  t h i s  pur po se ,  t h i s  p i l o t  w or k  rep re sen t s  t h e  f i r s t  






7.0  Discussion 
 
7 .1  Summary o f  Main F ind ings  
T he  pu rp os e  o f  t h i s  t he s i s  wa s  to  c o n t r ib u te  bo th  kn o wled ge ,  a nd  
n o ve l  t oo l s ,  f o r  t he  p red ic t i on  a nd  a s se s sme nt  o f  
n eu ro de ve lo pmen ta l  ou t come s  in  ch i ld ren  wi th  pe r i na t a l  
a sp h yx ia  a t  b i r t h .   
T he  f i r s t  a im ,  t o  imp ro ve  ou r  ab i l i t y  t o  p re d ic t  o u tc ome  i n  t he s e  
h i gh - r i sk  in fan t s ,  wa s  ac h ie ve d  b y t e s t i n g  the  a b i l i t y  o f  
p re v io u s l y id en t i f i e d  b iom ar ke r s  o f  HIE  se ve r i t y  t o  p red i c t  
n eu ro de ve lo pmen ta l  ou tcom e  a t  t h ree  yea r s .  Th es e  b io mar ke rs  
w er e  id en t i f i e d  ba se d  o n  t he i r  b i o lo g ica l  p l a u s i b i l i t y  i n  t he  
c on te x t  o f  ou r  l a t e s t  un de r s t a nd in g  o f  t he  pa th op h y s i o l o gy o f  
p e r i na t a l  a s ph yx ia  a s  o u t l i ne d  in  sec t io n  1 . 1 . 1 .  Be yo n d  th i s ,  
s emi - t a r ge t ed  an d  u n ta r ge t ed  t ec hn iq ue s  a t  t he  f ro n t i e r s  o f  
b ioma rk e r  d i sc o ve r y w er e  us ed  to  i den t i f y n o ve l  mar ke r s  f rom 
ac ro s s  t he  f unc t io na l  b io lo g ica l  l e ve l s  i nc l ud in g  p ro t e omic s ,  
me t ab o lom ic s  an d  t r an sc r ip t omic s .  In t e r l eu k i n -16 ,  ac t i v in -A 
r ecep to r  t yp e  I Ib  an d  t wo  me ta bo l i t e  m ode l s  ha ve  bee n  sh o wn 
h e re  t o  s i gn i f i ca n t l y p re d ic t  neu ro de ve lo pme nta l  ou tcome  an d  t o 
s u rpa s s  ma n y o f  t he  ma rke r s  cu r r en t l y u s e d  in  c l i n i ca l  p rac t i ce  
t o  e va lua t e  an d  p ro gn o s t i ca t e  i n  t h e s e  in fan t s .  Al so  f i nd i n g  a  
l ac k  o f  a s soc i a t i on  be t we en  GFAP  a nd  o u tc ome ,  whe re  p re vi ous  
r e s ea rc h  ha s  fo un d  p o s i t i ve  re su l t s  a t  l a t e r  t ime -po i n t s ,  g i ve s  u s  
p o s s ib l e  c l ue s  t o  t he  t im in g  o f  b i oche mica l  r e s po n ses  t o  i n j u r y.   
T he  sec on d  a im of  t h i s  t he s i s  w a s  t o  exam ine  the  l im i t a t i on s  o f  
c u r ren t l y u se d  me t ho d s  o f  neu ro de ve lo pme nta l  a s se s sme nt .  T h i s  
w a s  acco mpl i s hed  b y l oo k in g  a t  t he  pe r f o rma nce  o f  a  l o w - r i sk  
I r i sh  p op u la t io n  i n  t he  Ba yl e y -3 .  T he  Ba yl e y S ca l e s  o f  In fan t  
a nd  T od dle r  D e ve l op ment  (E d i t i o n  3 )  i s  t he  m o st  co mmo nl y u sed  
s t a nda rd i se d  to o l  o f  neu ro de ve lo pme nta l  a s se s smen t  u sed  in  t h i s  
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j u r i s d i c t i on  a t  p re se n t .  I t  i s  mos t  f r eq ue n t l y u s ed  f o r  fo l lo w -up  
o f  h i gh  r i sk  g r ou p s  i n  b o th  c l i n i ca l  an d  re sea r ch  se t t i n gs  ( 32 6) .  
S t a nda rd i se d ,  admi n i s t e red  de ve lo pme nta l  a s se s sme nt s  a re  
c u r ren t l y t he  go l d  s t an da r d  f o r  f o l lo w -u p  in  t he  t od d le r  a ge  
g r o up ,  a s  d i sc us se d  i n  sec t i on  5 .1 .2 .  T he y l ack  the  b i a s  o f  
p a re n ta l  r e po r t s  an d  c an ,  w hen  c h i l d re n  a re  t e s t e d  on  se r i a l  
o cca s io n s ,  t r ac k  re sp on se  t o  i n t e r ve n t io n s  a nd  a id  re so urce  
p l an n in g .  T he y d o ,  h ow e ve r ,  have  t he i r  c ha l l e n ge s .  T he  Ba yl e y - 3  
i n  pa r t i cu l a r  ha s  su f fe red  f rom  q ue s t i on s  d ue  to  d i sc rep anc ie s  i n  
r e - s t a nda rd i s a t io n ,  i t ’ s  p re d ic t i ve  va l i d i t y  an d  a l s o  f rom 
c once rn s  re ga r d in g  r e gi ona l  va r i a t i on  in  sc ore s ,  c o ve red  in  
s ec t i on  4 . 2 .  I t  wa s  t h i s  l a t t e r  co nce rn  th a t  p r omp ted  t h i s  s t ud y .  
O n  a na l ys i s  o f  a  r e t ro s pec t i ve  c oh or t  o f  c h i l d re n ,  w ho  fo rmed  
p a r t  o f  a  b i r th  co ho r t  s tu d y,  s i gn i f i c an t l y h i ghe r  sco re s  i n  
l a n gua ge  an d  f i ne  m oto r  sk i l l s  we re  fo un d  c ompa red  to  U.S .  
n or m s.  T h i s  i s  l i ke l y to  ha ve  i mp l i ca t i on s  fo r  p aed i a t r i c i an s  a nd  
r e s ea rc he r s  a l i ke  wh en  in t e rp r e t in g  re su l t s  o f  a s se s sme nt s .  
R e su l t s  mu s t  be  t a ken  i n  c on tex t  o f  t he  geo gra ph ic  r e gi on ,  t he  
t e s t i n g  t ime f rame ,  a s  we l l  a s  t h e  mo re  su b jec t i ve  i n f l uenc e  o f  
t he  a s se s so r .   
La s t l y ,  t h i s  t h e s i s  a i med  t o  imp ro ve  t he  s t a t e  o f  t he  a r t  f o r  t h e  
c o gn i t i ve  a sse s sme nt  o f  t o dd le r s .  Ou r  un de r s t an d in g  o f  t he  
c o gn i t i ve  de ve l opme nt  o f  ch i l d re n  i s  s t i l l  e vo l v i n g .  The  
d e ve l op ment a l  t he or i e s  o f  P i a ge t ,  V ygo t s k y a nd  Bru ne r ,  
d i scu s sed  in  sec t i on  1 . 6 . 1  an d  1 .6 .2 ,  s t i l l  fo rm  the  ba s i s  o f  
c h i ld ho od  ed uca t i on a l  t e c hn iqu es  to da y.  T he se  the or i e s  a re  
p re domi na n t l y b a sed  on  s im ple  o b se r va t i on .  P ro gr e s s  has  been  
ma de  wi t h  th e  u se  o f  fu nc t io na l  M R I a nd  a  va s t  a r ra y o f  
n eu ro ph ys i o l o gi ca l  t e s t s ,  b u t  ga ps  i n  ou r  k no wle d ge  s t i l l  e x i s t .  
O ne  o f  t he  rea s on s  fo r  t h i s  i s  a  l a c k  o f  a pp ro pr i a t e  t e s t s .  Th i s  i s  
e sp ec i a l l y  t ru e  f o r  c h i ld ren  wi th  a  pe r ina t a l  r i sk  fac to r  su ch  a s  
HIE  w her e  the  t r a j e c to r y o f  t h e i r  c o gn i t i ve  de ve lo pmen t  has  
b een  a l t e r ed  b y i n ju r y l ead in g  t o  spec i f i c  c o gn i t i ve  d e f i c i t s  a s  
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d e s c r i bed  in  sec t i on  5 . 1 . 1  ( 414 ) .  Br a in  de ve lo pmen t  ha s  b een  
a f fec t ed  a t  a  peak  t ime  o f  s yn a p to gene s i s ,  a l t e r i n g fu r the r  
p ro gr e s s i on  wi t h  i l l -de f i ned  co n seq ue nce s .  The re  ha s  bee n  a  
p auc i t y o f  t oo l s  a va i l a b l e  t o  a s se s s  co gn i t i ve  de ve lo pmen t  i n  
p re sc ho o l  a ge  c h i l d re n .  O ne  o f  t he  fe w i s  t he  co gn i t i ve  s ub sca le  
o f  t he  Ba yle y-3 .  P re v i ou s  ve r s i on s  ha ve  un fo r tu na te l y s ho wn 
p o or  p red ic t i ve  a b i l i t y  f o r  l a t e r  IQ .  Th i s ,  ho we ve r ,  ha s  been  
im pr o ve d  i n  t he  l a t e s t  e d i t i on .  Bo d e  e t  a l  fo un d  go od  p re d ic t i ve  
p o wer  o f  t he  Ba yl e y-3  in  a  U . S  c oh or t  o f  p re - t e rm s  (3 21) .  
S p ence r -Smi th  e t  a l  fo un d  p oo r  s en s i t i v i t y  f o r  p re d ic t io n  o f  
d e l a y o n  t he  D i f fe re n t i a l  Ab i l i t y  S c a l e s  ( D AS )  w he n  u s in g  U . S .  
n or m s,  b u t  t h i s  i mp ro ved  whe n  d e l a y w a s  c l a s s i f i ed  ac co rd i n g  to  
l oca l  n orma t i ve  da t a  (4 15 ) .   
T h i s  t he s i s  p re sen t s  t h e  de ve l opm ent  o f  a  no ve l  t o o l  f o r  
a s se s smen t  o f  no n -ve r ba l  c o gn i t i o n  in  t o dd l e r s  t ha t  a dd re s se s  
s o me  of  t h e  wea kne s se s  o f  t he  Ba yl e y -3  a s se s sme nt .  Pr imar i l y  i t  
u p da te s  t he  fo rma t  o f  t he  a ss e s sme nt  t o  a  t ouc h -sc ree n  p l a t fo rm.  
T h i s  s peak s  to  t he  co n temp or a r y c han ge s  in  t h e  na tu re  o f  
c h i ld ho od  p l a y w i th  c h i l d re n  i nc re as in g l y b eco min g  d i g i t a l  
n a t i ves .  I t  a l so  b r in gs  wi th  i t  c e r t a in  p rac t i ca l  ad van t a ge s .  T he se  
i nc lu de  p or t ab i l i t y ,  a da p tab i l i t y ,  a n d  ea s e  o f  da t a  co l l e c t io n ,  
a na l ys i s  a nd  s to ra ge .  T h i s  no ve l  c o gn i t i ve  a sse s sme nt  em plo ys  
a sp ec t s  o f  va r i ou s  t he or i e s  o f  c o gn i t i ve  de ve lo pmen t  i n  
c h i ld ho od ;  f rom  t he  e r ro r  o f  l o g ic  i de n t i f i ed  b y P ia ge t  i . e .  ob j ec t  
p e rma ne nce ,  i nc or po ra t e d  in t o  t a s k s  w he r e  the  t a r g e t  o b jec t  i s  
h id den ,  t o  t he  s oc i a l  l e a r n in g  d ime n s io n  o f  V ygo t s k y a n d  Br un e r  
s h o wn  i n  t he  v i sua l  dem on st ra t i on  o f f e re d  b y t he  a s se s so r .  T he  
s u mmat i ve  sc ore s  d i sc us se d  c ou ld  be  u se d  a s  m ar ke r s  o f  t he  
d oma i n -ge ne ra l  v i e w of  c o gn i t i ve  de ve l opme nt ,  wh i l e  c lo se r  
e xami na t i on  o f  i n d i vi du a l ,  o r  su b gro up s ,  o f  t a s k s  c ou ld  be  us ed  
t o  a s se s s  do ma in - s pec i f i c  co n s t ru c t s .   
 The  p i lo t  t e s t i n g  o f  t h i s  n o ve l  t o o l ,  t he  Ba b ys c reen  Ap p ,  sh o wed  
c or re l a t i on  be tw een  mea su re s  o f  pe r f o rma nce  o n  t he  a pp  a nd  
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s co re s  o f  t he  co gn i t i ve  sc a l e  o f  t he  Ba yle y-3 .  I t  a l s o  s ho wed  
d ec re ase d  re l i ance  on  l a n gua ge  a nd  mo to r  a b i l i t i e s  t o  succe ed  in  
t he  ap p  co mpa red  wi t h  th e  Ba y le y -3 .  T h i s  co u l d  a l lo w  c h i l d ren  
w i t h  sp ec i f i c  m oto r  o r  l an gua ge  de f i c i t s  t o  ha ve  t he i r  co gn i t i ve  
a b i l i t i e s  a s se ss ed  wi t ho u t  b e i ng  s u bs t an t i a l l y  d i sa d van ta ge d  by  
d e l a ys  i n  o the r  a rea s .   
 
7 .2  Strengths  
T he  s t r en g th s  o f  t h i s  t he s i s  ma y be  de sc r ib ed  i n  t e rm s  o f  t he  
r e l e van t  sec t i on s .  Ch ap te r s  t w o  a nd  th ree  a re  de r i ve d  f r om  wo rk  
r e l a t e d  t o  t he  Bi HIV E  1  St ud y ( Bio mar ke r s  i n  Hyp o x ic  
I s c hae m ic  E nce pha l op a th y –  b i omar ke r  d i sco ve r y p ha se ) .  T he  
Bi HIV E  St ud y h a s  bee n  a  u n iq ue l y d e s i gne d  c oh or t  s tu d y.  I t  
c on s i s t e d  o f  a  p r os pec t i ve l y  rec ru i t ed  ne ona t a l  g r ou p  wi t h 
c l e a r l y d e f ine d  inc lu s i on  c r i t e r i a .  Um bi l i ca l  c o r d  b l oo d  w as  
c o l l ec t ed  a nd  p roce s se d  acc or d i n g s t r i c t  s t an da r d i sed  o pe ra t ing  
p ro ced ure s  an d  wa s  s to red  in  a  fu l l y  mo ni t o re d  b io -ba nk i ng  
f ac i l i t y .  B i om ar ke r  d i sc o ve r y w a s  pe r f o rme d  ac r o ss  fu nc t i ona l  
b io l o g ica l  l e ve l s  t h ro u gh  p r i mar i l y  u n ta r ge t ed  o r  semi - t a r ge t ed  
a pp roac he s .  Al l  pa r t i c i pan t s  ha d  c omp reh en s i ve  da t a  co l l ec t e d .  
HIE  w as  d i a gno sed  b y m odi f i e d  Sa r na t  sc ore  b y a  ded ica t ed  
r e s ea rc h  fe l l o w a t  2 4  ho ur s  and  wa s  c on f i rmed  b y a na l ys i s  o f  
EE G r eco rd i n gs .  Al l  r ec ru i t ed  i n f an t s  wer e  a l so  f o l l o wed  up  wi th  
s t a nda rd i se d  admi n i s t e red  ne uro de ve lo pme nta l  a s se ss ment .  Th i s  
c omp reh en s i ve  s t ud y d e s i gn  h as  no t  been  e qua l l ed  i n  t he  
l i t e ra t u r e .  
C ha p te r  f ou r ,  l o ok in g  a t  t he  p e r fo rman ce  o f  a  l ow - r i s k  I r i sh  
p o pu la t io n  i n  t h e  Ba yl e y -3 ,  wa s  ba sed  o n  re t r os pec t i ve  ana l ys i s .  
Ho w e ve r  me t i c u lo u s  da t a  co l l ec t i on  d ur i n g t he  c on duc t  o f  t he  
s t ud y a l lo we d  ce r t a in  s t r en g t h s .  R ec r u i tme nt  h ad  t a ken  p l ace  a t  
b i r t h  a nd  eac h  r ec r u i t  ha d  e x ten s i ve  in fo rma t i on  co l l ec t ed  
r e ga rd i n g  pe r ina t a l  c ou r se ,  a s  w e l l  a s  a t  m ul t i p l e  t ime -po i n t s  
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a f t e r  b i r t h .  T h i s  a l l o we d  f o r  ve r y s p ec i f i c  i nc lu s i on  and  
e xc lu s i on  c r i t e r i a  an d  se l e c t ion  o f  c h i ld re n  wi th ou t  an y r i sk  
f ac to r s  t yp ica l l y  a s so c i a t e d  w i t h  de ve l opme nta l  de l a y.  Th e 
o r i g ina l  r ec or d  fo rm s  w ere  r ev i e wed  fo r  a nd  sc or i n g  do ub le -
c heck ed  to  en s ure  acc urac y.  
C ha p te r  f i ve  p re se n ted  the  re su l t s  o f  a  su r ve y o f  t ou ch -sc reen  
u sa ge  i n  t o dd le r s .  P r i o r  t o  t h i s  w o rk  t he re  wa s  l imi t e d  e v ide nce  
i n  t he  l i t e ra t u re  a r ou nd  t he  p reva len ce  a nd  qua l i t y  o f  u sa ge  o f  
t ouc h -sc ree n  t ec hn o l o gy b y t od d le r s .  Th i s  i s  a  t o p ic  o f  g rea t  
ge ne ra l  i n t e re s t  t o  pa r en t s  an d  pae d ia t r i c i a n s  a l i k e ,  a s  t o uch -
s c r een  t ec hn o l o gy b ec ome s  m ore  ub i qu i to us  i n  ch i ld ren ’s  
e n vi ro nme nt s ,  an d  b ecom es  pa r t  o f  t he i r  e n t e r t a i nme nt  a nd  
l ea rn in g .  Th e  no ve l t y o f  t h i s  wo rk  wi l l  he l p  fo rm  th e  ba s i s  fo r  
f u r the r  s t ud y o f  t he  i mpac t  o f  t h e s e  t ec hn o l o gie s  a s  we l l  a s  t he i r  
p o te n t i a l .   
C ha p te r  s ix  p re sen t s  t he  p i l o t  t e s t i n g  o f  a  n o ve l  t o uch -s c re en  
b as ed  co gn i t i ve  a s se s sme nt ,  t he  Ba b ys c ree n  Ap p .  T he  s t r e n gt hs  
o f  t h i s  wo rk  inc l ud es  i t s  p ro s pec t i ve  de s i gn ,  co ncu r re n t  va l i d i ty  
t e s t i n g  a ga in s t  t h e  c ur ren t  s t and a r d  mea s u re  o f  c o gn i t i ve  a b i l i t y  
i n  t h i s  a ge  g ro up ,  t he  Ba yley -3  co gn i t i ve  su bsc a l e ,  an d  i t s  
e xami na t i on  o f  be ha v io ur  an d  p r e vi ou s  to uch -s c ree n  e xp o su re  a s  
c on fo un d in g  fac t o r s .  T h i s  ap p l i ca t io n  i s  c ompl e t e l y n o ve l  and  
f i l l s  a  spec i f i c  n i c he  re qu i remen t  i n  t he  f o l l o w -up  o f  h i gh - r i sk  
c h i ld re n .  Du r i n g  t he  de s i gn  p ro ce ss  t he re  ha s  bee n  in pu t  f r om 
e xpe r t s  i n  t he  f i e l d  o f  ne ur od eve lo pme nt  fo l lo w -up  in  h i gh  r i sk  
i n fa n t s .  Th i s  ha s  o pene d  up  o pp or tu n i t i e s  fo r  fu r th e r  t e s t i n g  in  
a l t e r na t e  c oh or t s  i n  d i f fe ren t  r e gi on s  wi t h  a  v a r i e t y o f  r i sk  






7 .3  Limi ta t ions  
T he  l imi t a t io n s  o f  t he  ana l ys i s  p re sen te d  in  Cha p te r  t w o  a nd  
t h ree  ch i e f l y i n vo l ve  d i f f i c u l t i e s  wi th  pa t i e n t  r e t e n t io n  fo r  
n eu ro de ve lo pmen ta l  ou tcome  a nd  lo w  n umb er s  o f  a bn orma l  
o u tc ome s .  Pa t i e n t  r e t e n t i on  wa s  cha l l en g in g  due  t o  t he  t ime  
i n t e r va l  be t wee n  rec ru i tmen t  and  ne ur ode ve lo pme nta l  fo l lo w  u p .  
T h i s  t i me  l a g re su l t ed  i n  d i f f i cu l t y  c on tac t i n g  pa ren t s  a s  c on tac t  
d e t a i l s  we re  ou t  o f  da t e  a s  we l l  a s  i n t e r va l  emi gr a t io n ,  an d  to  
a t t r i t i on  o f  i n t e re s t  i n  t he  s tu d y.  Th i s  l e d  to  t he  de ve l opm ent  o f  
a  r e t en t io n  p l a n  in s t i t u t ed  d ur in g  the  rec r u i tm ent  o f  ou r  
va l id a t io n  co hor t .  The  de t a i l s  o f  t h i s  a re  de sc r ib ed  in  C hap te r  
s i x .  T h i s  im pr o ve d  r e t en t io n  i n  t he  Bi HIV E  2  co ho r t  by  
a pp ro x ima te l y 2 0 -30 %.  E xac t  f i gu r e s  a re  n o t  a va i l ab l e  a s  f o l l ow -
u p  in  t he  Bi HIV E  2  Stu d y i s  s t i l l  on go in g .  T he  lo w  n umb er  o f  
a bn orma l  o u tc ome s  a l so  ha d  s i gn i f i c an t  impa c t s  o n  o ur  ab i l i t y  t o  
d ra w  mo re  wide - r an g in g  co nc lu s io ns  f r om  the  wo rk .  Ho we ve r ,  
f o r  o ur  pa t i en t s  t h i s  i s ,  o f  co urs e ,  a  p os i t i ve  f i n d in g  a nd  l i ke ly  
r ep re sen t s  imp ro veme nt s  i n  ob s t e t r i c  a nd  neo na ta l  ca re .  Of  
c ou rs e  t h i s  i s  no t  t h e  ca se  ou t s i de  o f  t e r t i a r y un i t s  and  
e sp ec i a l l y  i n  t he  de ve lo p in g  w o r ld  w he r e  s uc h  ca re  i s  no t  
a va i l a b l e .  Whi l e  r e sea rch  o f  t h i s  na tu re  ma y o n l y be  fea s i b l e  a t  
p re se n t  i n  ce n t re s  s uch  a s  t ho se  i nc lu de d  he re ,  t he  imp ac t s  o f  
t h i s  w or k  wi l l  ha ve  a  wi de  ben e f i t  i n  t he  de ve lo ped  wo r ld .   
In  t h e  a  p r io r i  de f in i t i o n s  o f  de ve l opm enta l  de l a y  u s e d  fo r  
c l a s s i f yi n g  n eu ro de ve l op ment a l  o u tc ome  in  t h i s  wo rk ,  a n  a u t i sm 
d ia gno s i s  wa s  u sed  a s  a  se ve r e  o u tco me  mea su re .  T h i s  wa s  d ue  
t o  t he  inc rea sed  r i s k  o f  t h i s  neu ro -be ha v io ura l  d i s o r de r  
a s soc i a t e d  wi t h  h yp o x ic - i sc haemic  en cep ha lo pa t h y ( 87 ) .  Au t i s t i c  
S p ec t r um  Di so rde r  ( AS D )  i s  h o we ve r  m ul t i f ac t o r i a l  i n  i t s  
a e t io l o gy a n d  the  i nc r ea sed  ra t e s  o f  d i a gn o s i s  i n  HIE  ma y be  
p a r t i a l l y  a t t r i bu ta b le  t o  t he  m a le  p rep on de rance  o f  t h i s  co ho rt  
( 94 ,  4 16 ) .  In  o ur  s tu d y,  a  num ber  o f  pa r t i c i pa n t s  wi th ou t  a  
d i a gno s i s  o f  HIE  l a t e r  ha d  a  d i agn o s i s  o f  AS D .  O f  co ur se ,  i n  t h i s  
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i n s t anc e  the re  a re  fac to r s  o th e r  t han  b i r th  i n ju r y a t  p l ay.  
Ho w e ve r ,  be cau se  i t  w oul d  be  im po s s i b l e  t o  un t an g le  t he  c au sa l  
f ac to r s  i n  ch i ld ren  wi t h  a  d i a gno s i s  o f  HIE  a nd  AS D ,  a l l  ch i ld ren  
w i t h  AS D  we re  t r ea t e d  eq ua l l y.  Fo r  t he  wo rk  d es c r i bed  he re  t he  
i nc lu s i on  o r  e xc l u s io n  o f  t he se  p a r t i c ipa n t s  d i d  n o t  ma t e r i a l l y  
a l t e r  ou r  f i n d i n gs ,  b u t  i t  i s  i mp or t an t  t o  ke ep  in  min d  t ha t  fo r  
l a r ge r  c oh or t s / fu t u re  w or k  t he  u se  o f  AS D a s  a n  o u tc ome  
mea s ure  ma y a f fe c t  o ve ra l l  r e s u l t s .   
T he  l imi t a t io ns  i n  Cha p te r  fo ur  i nc lu de  the  r e t r o spec t i ve  de s i gn .  
T h i s  mea n t  i t  wa s  no t  p o s s ib l e  p l a n  c omp ar i s on  mea su re s  o f  
p e r fo rman ce  s uch  a s  u se  o f  o t he r  a s se s sme nt s  o f  t h e  
d e ve l op ment a l  dom a in s  o r  fo l l o w -up  a s se ss ment  o f  IQ  or  
aca demic  pe r f o rm ance  in  o r de r  t o  ve r i f y t he  f i nd in gs  o f  t he  
c ompa r i so n  be t we en  I r i sh  a nd  U. S .  pe r f o r ma nce  on  th e  Ba yl e y -3 .  
I t  wa s  a l so  no t  p o s s ib l e  t o  exami ne  pe r f o rm ance  o f  ch i ld ren  a t  
d i f fe re n t  a ge s  t he r eb y e s t a b l i sh in g  a  de ve lo pme nt a l  t r a j e c to ry.  
T h i s  wo uld  ha ve  b een  va l uab l e  t o  see  h o w geo gra ph ic a l  va r i a t i on  
mi gh t  a f fe c t  de ve lo pme nt  o ve r  t ime .  The  o t he r  cha l l en ge ,  w hich  
i s  co n s i s t en t  ac ro s s  a l l  de ve l op ment a l  a s se s sme nt s ,  i s  t ha t  o f  
i n t e r -o b se r ve r  va r i ab i l i t y ,  o r  m ore  a ccu ra t e l y i n t e r -a s se sso r  
va r i a b i l i t y .  Ou r  s tu d y ha d  t wo  d i s t i n c t  a s se s so r s  w ho  were  
s imi l a r l y t r a ine d  a nd  w ho  ob se r ved  ea ch  o the r  p e r fo rming  
a pp ro x ima te l y 1 0  ho ur s  o f  a s se s smen t s  t o  m axim ise  
c ompa ra b i l i t y .  Ho w e ve r  d i f f e re nce s  i n  mea n  s co re s  occ ur red  
b e t ween  a s se s s or s .  Th i s  ma y b e  due  t o  i nhe ren t  d i f fe ren ces  i n  
t he  co ho r t  e xami ne d  o r  d ue  to  su b jec t i ve  d i f fe re nce s  i n  t he  
a s se s so rs  t hem se l ve s .  Th es e  d i f f e re nce s  co u ld  h yp o th e t i ca l l y  be  
d ue  to  t he  a s se s so r s ’  ab i l i t y  t o  ma ke  the  ch i ld  a t  e a se  in  t he  
r oo m,  to  d raw  t hem ou t ,  i d i os yn c ra s i e s  i n  t a s k  a dmi n i s t ra t i o n  o r  
o b se r va t i on a l  sk i l l s  i n  sc or i n g  t a s k s .  T he se  can  be  l i mi t e d  to  a  
ce r t a i n  ex t en t  a nd  o t he r  s t ud ie s  h a ve  u sed  v ide o - t ap i n g  re v ie w  to  
e ns ur e  eq u i va l en t  i n t e r p re t a t ion  an d  sco r in g  whe re  m ul t i p l e  
a s se s so rs  a re  u sed  ( 34 3) .  Whi l e  t h e re  a re  bene f i t s  t o  u s i n g  a  
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s i n gle  a s se s so r  t o  en s ure  c ompar ab i l i t y  ac ro s s  a  co hor t ,  t h i s  does  
n o t  nec es sa r i l y  i mp ro ve  c omp ar i s o n  a ga i n s t  s t a nd a r d i sed  sco re s .   
In  Cha p te r  f i ve ,  w he re  to uch -s c ree n  us a ge  in  t o dd l e r s  was  
d e r i ved  f rom  a  pa re n ta l  q ue s t i onn a i re ,  l imi t a t i o ns  were  p r ima r i ly  
b as ed  on  s u r ve y s t yl e  o f  t he  s t ud y.  An  o bs e r ved  pe r fo rma nce  
u s in g  a  t o uch -s c ree n  t oo l  m igh t  ha ve  g i ven  m ore  ac cu ra te  
i n f o rma t io n  re ga rd i n g the  range  o f  sk i l l s  u t i l i sed .  A c l os e r  
a s se s smen t  o f  t h e  c on ten t  o f  t ou ch -s c ree n  ap p l i ca t io ns  t ha t  t he  
c h i ld re n  w ere  e xp o sed  t o  wo uld  a l s o  ha ve  be en  va lu ab le .  Pe r haps  
t h i s  co u ld  be  d one  b y a sk in g  pa r en t s  t o  com ple t e  a  d i a r y o ve r  a  
p re -de t e rmi ned  t im e  pe r i od .   
C ha p te r  s ix ,  t he  p i l o t  t e s t i n g  o f  t he  Bab ys c re en  Ap p ,  wa s  l imi t ed  
i n  t he  f i r s t  i n s t an ce  b y t ec hn ica l  d i f f i c u l t i e s .  T h i s  i s  t o  be  
e xpec ted  in  t he  t e s t i n g  o f  a n y ne w t e ch no l o gy b u t  e spec i a l ly  
g i ve n  the  n o ve l t y o f  t he  a pp l i c a t i on  a nd  the  na tu re  o f  t he  co ho rt  
b e in g  t e s t ed .  Ho w e ve r ,  t h i s  l e d  t o  a  l o s s  o f  t a s k  da t a  w hic h  had  
t o  be  t ake n  in to  acc ou n t  i n  h ow  th e  ana l ys i s  wa s  ap pr oac hed .  
S imi l a r l y s m a l l  n um ber s  o f  ch i ld re n  s uccee d in g  in  t a s k s  a f t e r  a  
v i s ua l  dem on st ra t io n  mea n t  t ha t  t he  d i s t r i b u t i on  o f  t he se  spee ds  
c ou l d  n o t  b e  u se d  to  p r o vi de  c u t -o f f s  f o r  pe r f o rma nce .  Th i s  a l so  
h ad  t o  be  t a ken  in t o  acc ou n t  i n  ana l ys i s .  Re l i anc e  o n  pa re n ta l  
r ep or t  o f  p re v io us  to uch -s c r een  u sa ge  an d  beha v io ur  a l so  l imi t s  
t he  co nc lu s i on s  we  c an  d ra w a bo u t  t h e s e  po te n t i a l  c on fo un de r s .  
T h i s  i s  h o we ve r  on l y p i lo t  t e s t i n g  o f  t h i s  no ve l  a pp l i ca t i on  a nd  
i t  p romi s i n g l y s ho we d  som e  co nc ur ren t  va l id i t y  w i t h  t he  Ba yl e y -
3  c o gn i t i ve  sca l e .  Fu r the r  t e s t i n g  i s  r e qu i re d  an d  a l re ady  
u n de r wa y.   
 
7 .4  Impact o f  Thes is  
T hi s  t he s i s  c on t r i bu te s  ne w d imen s i on s  t o  o ur  a b i l i t y  t o  
p ro gn o s t i ca t e  f o r  h i gh -r i s k  in fan t s  i n  t he  pe r ina t a l  pe r io d  an d  to  
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e va lu a t e  t he  c o gn i t i ve  c on se quen ce s  f o r  t he se  ch i l d re n  a t  a  m uch  
ea r l i e r  a ge  t han  p re v io u s l y t hou gh t  po s s i b l e .  A r an ge  o f  no ve l  
b ioma rk e r s  mea s ura b le  a t  b i r t h  h a ve  bee n  sh ow n h e re  t o  p re d ic t  
n eu ro de ve lo pmen ta l  o u tco me  in  e a r l y c h i ld ho od .  Se ve r a l  
o u t pe r fo rm c ur ren t l y a va i l a b l e  b ioc hemic a l  ma rke r s  a t  b i r t h  a nd  
p rece de  t he  mo re  r ob u s t  p ro gn o s t i c  i n f o rm a t io n  t ha t  can  be  
g l ean ed  f r om EE G a nd  se r i a l  c l i n i ca l  a ss e s sm ent .  T he se  new  
ma rke r s  ha ve  t he  po t en t i a l  t o  s ub s t a n t i a l l y  i n f l uenc e  c l i n i ca l  
ca re  pa t h wa ys  a nd  de c i s io n  mak in g  a l gor i thm s  in  t he  ac u te  and  
o n go i n g  man a gem ent  i n  i n fa n t s  w i t h  pe r i na t a l  a s ph yx ia .   
Fi gu re  7 .1  s ho w s t he  v i e w s  a nd  do w nloa d s  o f  one  o f  t he  a r t i c l e s  
p u b l i she d  a s  p a r t  o f  t h i s  w or k .  T h i s  o r i g i na l  r e sea rch  en t i t l ed  
“ Gl ia l  Fi b r i l l a r y Ac id i c  P ro t e in  I s  N o t  a n  Ea r l y M ar k e r  o f  In j u ry  
i n  P e r i na t a l  As p h yx ia  a nd  Hyp o xic - I s che mic  Enc ep ha lo pa t h y”  
h as  a l so  bee n  c i t e d  rece n t l y i n  Fr e e  Ra d ica l  Bi o l o gy in  M edic in e  
i n  an  a r t i c l e  b y C h a fe r -Pe r i ca s  e t  a l  w hic h  lo ok s  a t  n o ve l  
p e r ox i da t i on  b iom ar ke r s  i n  umb i l i ca l  c o r d  b l oo d  in  HIE  ( 41 7) .  
T h i s  h i gh l i gh t s  t he  impa c t  o f  ou r  wo rk ,  w hich  ha s  a l re ady  
i n f o rme d  an d  f u r t he re d  th e  sea rc h  fo r  b i oma rke r s  i n  t h i s  r ap i d ly  





Fi gu re  7 . 1 :  G r ap h ic  o f  v i ew s  a n d  d ow nlo ad s .  Ava i l ab l e  f rom 
Fr o n t i e r s  i n  Neu ro l o gy ( 4 18 )  
 
T h i s  t he s i s  ha s  a l s o  p re se n ted  p e r t i nen t  i n f o rm a t io n  on  the  
Ba yl e y-3  n eu ro de ve lo pment a l  a s s e s smen t  i n  a n  I r i sh  po pu la t i on .  
T he  f in d in gs  o f  t h i s  w or k  wi l l  i n fo rm in t e rp re t a t io n  o f  r e s u l t s  o f  
t h i s  a s se s sme nt ,  f r e que n t l y u s ed  in  c l i n i ca l  a nd  re se a rc h  se t t i n g ,  
b y p ae d ia t r i c i a n s  a nd  o t he r  hea l t h  ca re  p ro fe s s io na l s .   
Fi n a l l y  t h i s  t he s i s  de sc r ibe d  t he  de ve lo pmen t  an d  p i l o t  t e s t i n g  o f  
a  n o ve l  c o gn i t i ve  a s se s sme nt  fo r  t o dd le r s  u s in g  a  t ouc h -sc reen  
p l a t f o r m.  As  pa r t  o f  t he  g ro un dw o rk  f o r  t he  de ve l opm ent  o f  t h i s  
t oo l ,  mar ke t  r e sea rc h  i n to  t he  p re va le nce  an d  q ua l i t y  o f  t o uch -
s c r een  u sa ge  b y t od d le r s  was  p e r fo rmed  an d  re s u l t s  pu b l i s hed .  
T h i s  p r e l imi na r y s t u d y h a s  un do u bted l y b e en  t he  mo st  im pac t fu l  
a sp ec t  o f  t h i s  t he s i s  t o  da t e .  Af t e r  a ccep t ance  f o r  pu b l i ca t ion ,  
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t h i s  a r t i c l e  wa s  se l ec t e d  fo r  p re s s  r e l ea se  a nd  wa s  p re sen ted  to  
t he  pu b l i c  t h r ou gh  ge ne r a l  an d  s oc i a l  med i a .  Th i s  pu b l i c  
d i ss emina t io n  ca n  b e  mea s ured  th ro u gh  on l i ne  da t a  m in i ng  
g r o up s  s uch  a s  Al tme t r i c .  Th i s  a r t i c l e  r ece i ve d  an  Al tme t r ic  
s co re  o f  14 5  wh ich  p u t s  i t  i n  t he  to p  5%  o f  a l l  r e sea r ch  ou tp u t s  
s co re d  ( Fi gu re  7 . 2 ) .  Th i s  a r t i c l e  wa s  a l so  se l ec t ed  fo r  a t t e n t i on  
b y t h e  t r a i n in g  b od ie s  o f  he a l th ca re  p r o fe s s i ona l s .  I t  wa s  c i t ed  
i n  t he  c l i n i ca l  d i ge s t  o f  N ur s i n g S tan da r d ,  a n  o f f i c i a l  p ub l i ca t i on  
o f  t h e  Ro ya l  C o l l e ge  o f  N ur s in g  ( 41 9) .  The  R o ya l  C o l l e ge  o f  
P ae d ia t r i c s  a nd  C hi ld  Hea l t h  (RC P C H)  in  t he  U K a l s o  p re se n ted  
t he  f i nd i n g s  o f  t h i s  s tu d y an d  c omme nted  o n  the  im pl i ca t io n s .  
R e sp on din g  to  t he  s t ud y,  P r of  R u s se l l  Vine r ,  Of f i ce r  f o r  Hea l t h 
P r om ot io n  f o r  t h e  Ro ya l  C o l l e ge  o f  Pae d ia t r i c s  an d  C hi ld  
He a l t h ,  sa i d :  
“T he r e  i s  e v ide nce  t ha t  su gge s t s  ex ces s i ve  t im e  s pen t  i n  f ro n t  o f  
a n y s c ree n  –  w he t he r  t ha t ’ s  a  t e l e v i s io n ,  i Pa d  o r  mo bi l e  p ho ne  –  
p ro mote s  o bes i t y  an d  i n t e r fe r e s  wi t h  n or ma l  s l ee p  pa t t e rn s  i n  
c h i ld re n .  Ho w e ve r  o ur  ch i l d r en  a re  d i gi t a l  na t i ve s  i n  a  wa y no  
p re v io u s  ge ne ra t io n  ha s  been  be f or e ,  so  i t ’ s  u nc l e a r  whe the r  t he  
u se  o f  t he se  ne w  d e vic es  i mp ro ve s  co gn i t i o n  an d  co or d in a t ion  
f o r  ch i ld ren  u nde r  t he  a ge  o f  t w o .  T he re f o re  mo re  re sea rc h  i s  
n eede d  on  th e  b ene f i t s  a nd  h a rm s o f  d i f f e re n t  t yp e s  o f  sc reen  
u se .  O nl y t hen  ca n  we  r ea l l y  b e  s u re  wha t  sc reen  t i me  
r ecom men da t i on s  we  sh o u l d  p u t  i n  p l a ce  f o r  yo u ng  
c h i ld re n .” (4 20 )   
In  mo re  une xpe c ted  q ua r t e r s ,  t h i s  wo rk  i s  ha v in g  i mpac t s  i n  
c han g in g  t he  f u tu re  o f  p l a y f o r  p r e - sc ho o le r s .  Th i s  pap e r  h as  
b een  c i t e d  b y t he  Pre sc ho o l  Fr o n t  En d  Team a t  LE GO  w h o  a re  
p re se n t in g  a t  t he  1 4 th  Pa r t i c i pa t o r y D e s i gn  Co nfe re nce  in  
D en mar k  o n  t he i r  o n go in g  wo rk  i n  d es i gn in g  f o r  p l a y i n  t h i s  a ge  
g r o up  ( 42 1) .   
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M o re  r ecen t l y t h i s  wo rk  ha s  been  c i t e d  b y r e sea rch e r s  a s  pa r t  o f  
a n  a r t i c l e  se r i e s  be i n g  p rom ote d  u nde r  t he  re sea rch  t op ic  “ T ouch  
s c r een  t a b l e t s  t ouc h in g  ch i ld re n 's  l i ve s ”  b y Fr o n t i e r s  i n  
P s yc h o lo gy ( 4 0 1 ,  4 22) .   
T he  t op ic  o f  t o uch -s c r een  u sa ge  in  t o dd l e r s  ha s  p r o ve d  to  be  o f  
s u b s t a n t i a l  pu b l i c  a nd  aca demi c  i n t e r e s t .  Pa r en t s  a re  l o ok in g  fo r  
gu i danc e  on  sa fe t y o f  ex p os ure  c on s i de r in g  p re vi o us  
r ecom men da t i on s  to  a vo i d  med ia  a t  t h i s  a ge  ( 39 4) .  Pa ed ia t r i c i ans  
a re  e qua l l y l oo k i n g fo r  h e lp  an d  i n f o rma t io n  o n  hea l th  
im pl i ca t io n s .  Re sea rche r s  a re  l o o k in g  f o r  wa ys  to  u se  t h i s  t oo l ,  
w h ich  c omma nd s  s o  m uch  in t e re s t  f ro m to dd le r s ,  t o  a ss e ss  
l ea rn in g ,  de ve l opme nt  an d  co gn i t i o n .  To wa rd s  the  l a t e r  a im  th i s  
t he s i s  h a s  bee n  a b le  t o  a dd  ano the r  s t e p .  The  de ve lo pme nt  a nd  
p i lo t  t e s t i n g  o f  a  no ve l  a pp l i c a t io n  to  t e s t  co gn i t i ve  de ve lo pment  
h as  bee n  d es c r i bed  he r e .  T h i s  t ouc h -sc reen  a s se s sme nt ,  t he  
Ba b ys c ree n  Ap p ,  h as  been  s ho wn  he r e  t o  c or re l a t e  we l l  wi t h  t he  
c o gn i t i ve  su b sca l e  o f  t he  Ba yl e y -3  an d  t o  b e  ab l e  t o  p red i c t  
l o wer  sco re s  i n  a  c oh or t  o f  l ow - r i sk  c h i l d re n .  T ho u gh  the re  i s  
f u r the r  w or k  t o  be  do ne  t o  fu l ly  va l id a t e  t h i s  t e s t ,  i t  ha s  g r eat  
p o te n t i a l  t o  i n f lu ence  t he  s tud y a n d  a ss e s sm ent  o f  co gn i t i ve  
d e ve l op ment  i n  c h i l d re n .   









7 .5  Future Work  
M an y e l e ment s  o f  t h i s  t he s i s  fo rm pa r t s  o f  ac t i ve  o n go in g  a nd  
p l an ned  re sea r ch .  An a l ys i s  o f  um bi l i ca l  co rd  b lo od  f r om  th e  
va l id a t io n  co hor t  o f  Bi HIV E  2  i s  p ro gre s s i n g  to  va l id a t e  t he  
p ro mi s in g  b iom ar ke r s  p re se n te d  i n  C ha p te r s  2  a nd  3 .  
N eu ro de ve lo pme nta l  o u tcom e  a ss e s smen t  i s  a l so  on go in g  f o r  t h i s  
c oh or t .  At  t he  e nd  o f  t h i s  p ro ce ss  l a r ge  sca l e  b io - in fo rma t i c  
a na l ys i s  wi l l  be  u sed  t o  i den t i f y  t he  o p t ima l  co mbi na t i on  o f  such  
b ioma rk e r s  t h a t  w ou ld  c on t r ib u te  t o  a  u se f u l  po i n t -o f -ca re  t e s t  t o  
p re d ic t  se ve r i t y  a nd  ou tc ome  am on g  in f an t s  t h a t  s u f fe r  pe r i na t a l  
a sp h yx ia  an d  b i r t h .  S uch  a  t e s t  c ou ld  i n f o r m c l i n i ca l  ca re  and  
ma na gemen t  p l an n i n g  in  t h i s  h igh - r i sk  g r ou p .  I t  c ou l d  a l so  o pen  
u p  o pp or t un i t i e s  t o  t e s t  t he se  b i oma rke rs  i n  l o wer  re s ou rce  
s e t t i n gs  wh ich  ma y b e  mo re  l i ke l y t o  be ne f i t  f r om  ra p id  
d e t ec t i on  o f  h i gh - r i s k  i n fa n t s  t o  f ac i l i t a t e  t r an sf e r  e t c .   
In  Cha p te r  4  r e gi ona l  va r i a t i on  in  Ba yl e y -3  s c ore s  was  
e xami ned .  I t  i s  v i t a l  f o r  c l i n i c i a ns  a nd  re sea rch e r s  a l i k e  t o  ha ve  
a  t ho ro u gh  u nde r s t an d in g  o f  t h e  s t r e n gt h s  an d  l imi t a t io n s  o f  
d e ve l op ment a l  a ss e s sm ent s  i n  c ur r en t  u se .  As  p re vi ou s ly  
o u t l i ne d ,  t e s t i n g  in  t he  t odd le r  a ge  g r ou p  i s  ex t reme ly  
c ha l l e n gi n g  b u t  i mp or t a n t .  Opt ima l  t e s t  ch o ice  a nd  in t e r p re t a t ion  
w i l l  u nd ou bte d l y be ne f i t  c l i n i ca l  o u tc ome s ,  r e sea rc h  acc ur acy  
a nd  c r i t i c a l  ana l ys i s .  T he re  i s  fu r th e r  w or k  to  be  d one  to  
e l uc i da t e  r e g io na l  va r i a t i o ns  i n  t e s t  sco re s  b y t e s t i n g  ac ro s s  a ge  
g r o up s ,  i dea l l y  w i t h  se r i a l  meas u reme nt s  o ve r  t i me ,  an d  t o  l ook  
a t  t h e  c onc ur ren t  an d  p r ed ic t ive  va l i d i t y  o f  t he se  d i f fe rences .  
T he re  i s  a l s o  a  need  to  d e ve l op  im pr o ve d  m e th od s  o f  
s t a nda rd i s i n g  t e s t  ad min i s t ra t i on ,  t he reb y r ed uc i n g  in t e r -
a s se s so r  va r i ab i l i t y ,  a s  d i sc u s sed  i n  sec t io n  4 . 6 .   
Fu r t h e r  t e s t i n g  o f  t he  Ba b ys c reen  Ap p  i s  a l s o  i n  p r o gre s s .  Whi l e  
t he  de ve l op ment  o f  t h i s  a pp  i s  s t i l l  i n  i t s  i n fan c y i t  ha s  
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e no rmo u s  po ten t i a l  f o r  t h e  fu t u r e .  Th e  p s yc ho met r i c  c on s t ru c t s  
b e in g  t e s t ed  b y the  ap p  a re  und e r  i n ve s t i ga t io n  i n  a  co ho r t  o f  
t yp ic a l l y  d e ve l op in g  2  t o  3  ye a r  o ld s .  T h i s  wi l l  e s t a b l i s h  t he  
n eu ro ps yc h ome t r i c  va l i d i t y  o f  t h e  t e s t s .  Fu r the r  e xami na t i on  o f  
t he  sco r i n g s ys t em i s  a l so  req u i red .  Due  to  t he  lo w num be rs  o f  
c h i ld re n  s uccee d in g  in  t he  secon d  a t t e mpt  i t  wa s  n o t  p o s s ib l e  t o  
e xami ne  t he  d i s t r i b u t i on  o f  t he se  spee d s .  Te s t i n g  in  a  l a r ge r  
c oh or t  i s  nec es sa r y to  co r rec t  t h i s .  The  pe r f o rma nce s  o f  an  
e xpa nde d  co ho r t  wi l l  be  c om pa red  to  o the r  t e s t s  o f  s pec i f ic  
c o gn i t i ve  s k i l l s .  The  a pp  i s  a l s o  p l an ne d  fo r  i nc lu s i on  i n  t he  
f o l l o w -up  o f  o th e r  r e sea rch  s t ud ie s  t o  t e s t s  i t s  e f f i cac y i n  l a r ge r  
g r o up s  o f  h i gh - r i s k  i n fa n t s  i n c lu d in g  HIE  a nd  p re ma tu r i t y .  
Fu r t h e r  t e s t i n g  in  ch i ld ren  wi t h  s p ec i f i c  m ot or  an d  l a n gua ge  
d e f i c i t s  wi l l  be  im po r t a n t  t o  e s t a b l i sh  t he  ap p’ s  u t i l i t y  i n  
s pe c i f i ca l l y  t e s t i n g  c o gn i t i on  i n  t he se  c i rc um sta nce s .  La t e r  
f o l l o w -up  o f  t he se  ch i ld ren  i s  a l s o  re qu i red  to  e s t a b l i sh  the  
p re d ic t i ve  va l id i t y  o f  t h i s  t e s t  f o r  ch i ld ho od  i n t e l l i ge nce  and  
aca demic  ac h ie vemen t .  Th i s  w i l l  a l so  a l l ow  f o l l o w u p  o f  some  of  
t he  mo re  s ub t l e  e l ement s  o f  t h e  t e s t .  I t  wo uld  be  po s s ib l e  t o  
d i f fe re n t i a t e  t he  ch i l d r en  wh o  su ccee d  in  t he i r  f i r s t  a t t e mpt  a t  a  
t a s k ,  a  ‘ t r i a l -a nd -e r ro r ’  ap pr oac h ,  f r om  ch i l d ren  wh o  
c on s i s t e n t l y  re qu i re  a  vi s ua l  dem on st ra t i on  fo r  suc ce ss ,  a  ‘ soc i a l  
l e a rn in g’  a pp roa ch .  I  w oul d  h yp o t he s i se  t ha t  t he se  t wo  g r ou ps  
ma y d emo n st ra t e  d i f fe re n t  l e a r n i n g t yp e s  i n  l a t e r  c h i ld ho od .  T he  
s oc i a l  l e a r ne r s ,  w ho  f i t  we l l  wi t h  V ygo t s k y’ s  ‘ zo ne  o f  p r ox im al  
d e ve l op ment ’  o r  Br une r ’ s  ‘ sca f f o l d in g’ ,  ma y t h r i ve  i n  t eac he r -
l e d  en v i r onm ent s ,  w hi l e  t he  t r i a l  a nd  e r ro r  g ro up  ma y d i sp l ay  
m ore  i nde pen den t  l e a r n in g .  I t  wi l l  a l s o  be  in t e re s t i n g  t o  l oo k  a t  
t he  s pee d  sc or e s  o f  ch i ld ren  ac r o s s  b r oa de r  a ge  ra n ge s .  I  w ou ld  
s u s pec t  t h a t  t he re  i s  a  ce r t a in  t ime -po i n t  whe n  s pee d  sc ore s  
b ecom e  mo re  re f l ec t i ve  o f  ac tua l  i n t e rna l  p roc es s i n g  spee d .  Th i s  
i s  becau se  mot i va t i on s  a ppe a r  t o  cha n ge  o ve r  t ime .  An  o l de r  
c h i ld  ca n  be  in s t ru c t ed  t o  t ry  t o  ach ie ve  a  t a sk  a s  f a s t  a s 
p o s s ib l e ,  e s pec i a l l y  i f  s pu r re d  on  b y t he  p ro mi se  o f  a  r e wa rd .  A  
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yo u n ge r  ch i ld ,  de sp i t e  ha vi n g  a  co r rec t  a n sw er ,  ma y p a use  to  
s ee k  a pp ro va l  f rom  t he i r  gua rd i a n ,  o r  a s se s s  t he  pe rc e i ve d  th rea t  
o f  t he  a ss e s s or  be fo re  m aki n g  t he i r  m o ve .  A wa y t o  o ve rc ome  
t h i s  w ou ld  b e  to  a s se s s  p r oces s in g  s pee d  b y v i s u a l  t r ack i ng  
t ec hn o l o gie s  wi t h  t ime  to  e ye  co n tac t  wi t h  t he  t a r ge t  ob je ct  
c ompa re d  wi t h  t ime  t o  ph ys i ca l  r e s po n se .  T h i s  i s s ue  o f  t e s t  
r e s po n se  i s  h i gh l i gh te d  in  t he  w o rk  b y M c Ga r r i g l e ,  w ho  s ho we d 
t ha t  e xpe r ime nta l  d e s i gn ,  a nd  s pe c i f i ca l l y  t he  i n f l ue nce  o f  t he  
e xpe r ime nte r ,  ap pea r s  t o  a l t e r  c h i ld re ns ’  r e s po n se s  (1 87 ) .  T h i s  
w o rk  a l so  p r om pted  o ne  o f  t he  o t he r  p l a nne d  fu t u r e  
d e ve l op ment s  o f  t he  a pp ,  t he  e l imi na t i on  o f  t he  a s se s sor  
e n t i r e l y.  Whi l e  ce r t a in  s t an da r d i sa t i on s ,  i . e .  o f  t he  e n vi ro nme nt  
e t c ,  w oul d  s t i l l  be  nece s sa r y f o r  fo rma l  t e s t i n g ,  i t  i s  co nce i vab le  
t ha t  t he  ap p  wo ul d  be  ab l e  t o  r un  wi th ou t  t he  need  f o r  an  
a s se s so r  p re sen t .  Othe r  f u t u re  evo l u t i on s  an d  a dap ta t io n s  o f  t he  
a pp  a re  d i sc u s sed  i n  de t a i l  i n  sec t io n  6 .2 .5 .2 .  The  a pp  a l s o  has  
t he  po te n t i a l  t o  c on t r ib u te  t o  ou r  un de r s t a nd in g  o f  co gn i t i ve  
d e ve l op ment  i n  b o th  t yp i ca l l y  a n d  a t yp ica l l y  d e ve l op i ng  
c h i ld re n .  De sp i t e  t he  re cen t  p ro gre s s  i n  neu ro i ma gi n g  an d  
n eu ro ph ys i o l o gi ca l  t e ch n i que s  f o r  i n ve s t i ga t i n g  co gn i t i on ,  
p ro gr e s s  ha s  bee n  l imi t e d  b y a  l ack  o f  a pp ro pr i a t e  t e s t s  i n  t he  
t od d le r  a ge  g r ou p .  Th i s  wa s  e l ab or a t ed  o n  in  s ec t io n s  1 . 6 . 5 .  and  
1 . 6 . 6 .  Th i s  ha s  bee n  a  s tum bl i ng  b loc k  t o  su pp or t e r s  o f  va r i ous  
t heo r i e s  o f  c o gn i t i ve  de ve l opme nt ,  p a r t i cu l a r l y t he  mo re  rec en t  
n eu roc on s t ruc t i vi sm  ( 21 0) .Te s t s  t o  s t i mula t e  sp ec i f i c  c o gn i t i ve  
c on s t ruc t s  ac ro s s  ea r l y ch i ld hoo d ,  s uch  a s  t he  Bab ys c ree n  app ,  
c ou l d  a l lo w s uch  in qu i r y a nd  pe rmi t  t r ac k i n g o f  de ve l opm enta l  
t r a j ec t o r i e s  ac ro s s  t ime .  Whi l e  w e  a re  s t i l l  a  l o n g  wa y f r om 
p o pu la t io n  ba se d  s t a nda rd i s a t i on  an d  d i s sem ina t io n  o f  t he  
Ba b ys c ree n  a pp ,  i t  i s  e xc i t i n g  t o  c on s i de r  t he  p o ss ib i l i t i e s  fo r  
t h i s  n o ve l  t e s t  o n  a  m ode rn  p l a t fo rm  t ha t  f u l f i l s  suc h  a  ga p  in  
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7 7 .  O d d  D ,  Le w i s  G,  Whi t e l a w  A,  Gu n ne l l  D .  Re su sc t i a t i on  a t  
b i r t h  a nd  co gn i t i o n  a t  8  ye a r s  o f  a ge :  a  c oh or t  s t ud y.  La n ce t .  
2 0 09 ; 37 3 :1 61 5 -22 .  
7 8 .  S a r na t  HB,  Sa rn a t  M S.  Ne ona ta l  e nce pha l o pa th y f o l l o win g 
Fo e t a l  d i s t r e s s :  A c l i n i ca l  an d  e l e c t r o grap h ic  s t ud y.  Ar ch  
N eu ro l .  1 97 6 ;3 3 :6 96 -7 05 .  
7 9 .  Gl a s s  HC .  Cl i n i ca l  ne on a ta l  se i zur e s  a r e  i nde pen den t l y 
a s soc i a t e d  wi t h  o u tco me  in  i n fan t s  a t  r i sk  f o r  h yp o x ic - i sc hemic  
b ra i n  i n j u r y.  The  J o ur na l  o f  p ed ia t r i c s .  20 09 ; 15 5 :3 18 -2 3 .  
8 0 .  Fi l a n  P ,  Bo yl an  GB,  Ch or l e y  G,  Da v ie s  A,  Fo x  G F,  
P re s s l e r  R ,  e t  a l .  T he  r e l a t i on s h ip  be t wee n  t he  on se t  o f  
e l e c t r o grap h ic  se i zu re  ac t i vi t y  a f t e r  b i r t h  a nd  the  t ime  o f  
ce reb ra l  i n j u r y i n  u t e r o .  BJ OG :  a n  in t e r na t i ona l  j o ur na l  o f  
o b s t e t r i c s  an d  gyn a eco lo gy.  2 0 05 ;1 12 (4 ) :5 04 -7 .  
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8 1 .  D i xo n  G,  Ba da wi  N ,  Ku r inc zuk  J J ,  Keo gh  J M,  S i lb ur n  S R,  
Zu b r i ck  S R,  e t  a l .  Ea r l y D e ve lop ment a l  O utc ome s  Af t e r  N ew bo rn  
E ncep ha l opa th y.  P ed ia t r i c s .  20 02 ;1 09 (1 ) :2 6 -33 .  
8 2 .  R en n ie  J M ,  Ha gma nn  C F,  R o be r t so n  NJ .  Ou tcom e  a f t e r  
i n t ra pa r tum  h yp o xic  i sc haemia  a t  t e rm .  Se mina r s  i n  Fo e ta l  &  
n eo na ta l  me d ic i ne .  2 00 7 ;1 2( 5) :3 9 8 -40 7 .  
8 3 .  J i a n g  ZD.  Lo n g - t e rm e f f ec t  o f  pe r i na t a l  a nd  p os tna t a l  
a sp h yx ia  on  de ve lo p in g  h uman  au d i to r y b ra in s t em  re sp on ses :  
p e r i phe ra l  hea r in g  l o s s .  In t e r na t i on a l  J o ur na l  o f  Ped ia t r ic  
O t orh in o la r yn go l o gy.  1 9 95 ; 33 :2 2 5 -38 .  
8 4 .  M er cu r i  E .  Vi s ua l  f unc t io n  a t  sc ho o l  a ge  in  ch i ld ren  wi t h 
n eo na ta l  e nce pha lo pa th y a nd  lo w Ap ga r  sco re s .  Arch i ve s  o f  
D i sea se  i n  Chi l dh oo d  -  Fo e ta l  a nd  N eo na ta l  E d i t i on .  
2 0 04 ; 89 (3 ) :F2 5 8 - F6 2 .  
8 5 .  Ga d ian  D G,  Aic a rd i  J ,  Wa t k in s  KE ,  Po r t e r  D A,  M is hk in  M , 
V ar gh a -Kh adem  F.  D e ve lo pme nta l  am ne s i a  a s soc i a t ed  wi t h  e a r ly  
h yp o x ic - i sc haem ic  i n j u r y.  Br a in .  20 00 ; 12 3( 49 9 -50 7) .  
8 6 .  R o be r t s on  C M ,  Fi n e r  N N.  E duca t io na l  r ea d i ne ss  o f  
s u r v i vor s  o f  n eo na ta l  enc ep ha lo pa t h y a s soc  wi th  b i r t h  a s ph yx ia  
a t  t e rm.  De v  Be ha v  Ped .  19 88 ;9 (5 ) :2 9 8 -30 6 .  
8 7 .  Ba da wi  N .  Au t i sm fo l lo wi n g a  h i s to r y o f  ne w bo rn  
e ncep ha l opa t h y :  m ore  tha n  a  c o i nc id ence ?  D e ve l op ment a l  
me dic i ne  an d  c h i l d  neu ro l o gy.  20 0 6 ;4 8 :8 5 -9 .  
8 8 .  Zam mi t  S ,  O dd  D,  Hor w oo d  J ,  Th omp s on  A,  Th oma s  K,  
M en e ze s  P ,  e t  a l .  In ve s t i ga t i ng  w h e th e r  a d ve r se  p r ena t a l  and  
p e r i na t a l  e ven t s  a re  a s s oc i a t e d  wi t h  n on -c l i n i ca l  p s yc h o t i c  
s ym p t om s a t  a ge  12  ye a r s  i n  t he  A LS P AC  b i r t h  c oh or t .  
P s yc h o lo g ica l  med ic in e .  2 00 9 ;39 (9 ) :1 4 57 -6 7 .  
8 9 .  d e  Haa n  M,  Wya t t  J S ,  Ro th  S ,  Va r gha -Kh ade m F,  Ga d ia n 
D G,  M i sh k i n  M .  Bra in  a nd  c ogn i t i ve -be ha v io ura l  de ve lo pment  
a f t e r  a sp h yx ia  a t  t e rm  b i r t h .  Dev  S c i .  20 06 ; 9( 4) :3 5 0 -8 .  
9 0 .  V o lpe  J J .  Neo na ta l  e ncep ha l opa t h y:  a n  ina deq ua te  t e rm  f o r  
h yp o x ic - i sc hemi c  e ncep ha l o pa t h y.  An na l s  o f  neu ro l o gy.  
2 0 12 ; 72 (2 ) :1 56 -6 6 .  
9 1 .  D amma nn  O ,  Fe r r i e r o  D ,  Gr e s se ns  P .  Ne ona ta l  
e ncep ha l opa t h y o r  h yp ox ic - i sc hemi c  ence ph a lo pa thy?  
Ap p r op r i a t e  t e rmi no l o gy ma t t e r s .  Pe d ia t r i c  r e sea rch .  
2 0 11 ; 70 (1 ) :1 -2 .  
9 2 .  S h ah  D K,  La ve r y S ,  D o yl e  LW,  Wo n g C,  Mc D ou ga l l  P ,  
In d e r  TE .  U se  o f  2 -c han ne l  be ds ide  e l ec t roe nce pha l o gram 
m oni to r in g  i n  t e rm -bo rn  encep ha l opa th i c  i n fan t s  r e l a t ed  to  
ce reb ra l  i n ju r y de f in ed  b y  ma gne t i c  r e so nance  im a gi ng .  
P e d ia t r i c s .  2 00 6 ;1 18 (1 ) :4 7 -55 .  
9 3 .  T ho re sen  M,  To o le y J ,  Li u  X ,  J a r y S ,  F l e mi n g  P ,  Lu yt  K,  e t  
a l .  T im e  i s  b ra i n :  s t a r t i n g the ra peu t i c  h yp o t he rm ia  wi t h in  th ree  
h o ur s  a f t e r  b i r t h  im pr o ve s  m oto r  o u tc ome  in  a s ph yx i a t ed  
n ew bo rn s .  Ne ona to l o gy.  2 01 3 ;10 4( 3) :2 2 8 -3 3 .  
9 4 .  Ha ye s  BC ,  M c Gar ve y C ,  Mul va ny S ,  Ke n n ed y J ,  Gea r y M P ,  
M a t t he w s  T G,  e t  a l .  A ca se -con t r o l  s t ud y o f  h yp o x ic - i sch emic  
e ncep ha l opa t h y i n  ne w bo rn  in f an t s  a t  > 36  week s  ge s t a t io n .  
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Am e r i ca n  j ou rna l  o f  o b s t e t r i c s  a nd  gyn e co l o gy.  2 01 3 ;2 09 (1 ) :2 9  
e 1 -  e1 9 .  
9 5 .  Ba da wi  N ,  Ku r inc zu k  J J ,  Keo gh  J M,  Al es sa nd r i  LM ,  e t  a l .  
An t epa r tu m r i sk  fa c to r s  fo r  ne w bo rn  enc ep ha lo pa t h y:  T h e 
We ste rn  Au s t ra l i a n  ca se -co n t ro l  s t ud y.  Br i t i s h  Me dica l  J ou rn a l .  
1 9 98 ; 31 7( 71 72 ) :1 54 9 -53 .  
9 6 .  Ba da wi  N ,  Ku r inc zu k  J J ,  Keo gh  J M,  Al es sa nd r i  LM ,  e t  a l .  
In t rapa r t um  r i s k  fac to r s  fo r  n ew bo rn  e nce pha lo pa th y :  T h e 
We ste rn  Au s t ra l i a n  ca se -co n t ro l  s t ud y.  Br i t i s h  Me dica l  J ou rn a l .  
1 9 98 ; 31 7( 71 72 ) :1 55 4 -8 .  
9 7 .  Ha ye s  BC .  T he  p l a cen ta  i n  i n fa n t s  >  3 6  week s  ge s t a t i on  
w i t h  ne ona t a l  ence ph a lo pa th y :a  ca se  co n t ro l  s t ud y.  Ar c h i ves  o f  
d i sea se  i n  c h i l dh oo d  Fo e ta l  a nd  neo na ta l  e d i t i on .  2 01 3 ; 98 :F2 3 3 -
F4 0 .  
9 8 .  M i r  IN ,  J oh ns on -Welc h  S F,  Ne l s on  D B,  Br ow n LS ,  
R o se nfe l d  C R,  C ha la k  LF.  P l ac en ta l  pa th o lo gy i s  a s soc i a t ed  wi th  
s e ve r i t y  o f  ne ona ta l  e nce pha l opa t h y an d  a d ve r se  de ve lo pme nta l  
o u tc ome s  f o l l o win g  h yp o the rmia .  Amer i c an  j ou rna l  o f  ob s t e t r i c s  
a nd  gyn ec o l o gy.  2 01 5 ;2 13 (6 ) :8 49 .e 1 -7 .  
9 9 .  N a s i e l l  J ,  Pa pad o g ian nak i s  N ,  Lo f  E ,  E lo f s s on  F,  Ha l l be r g 
B .  H yp o x ic  i sc hemi c  e nce pha l opa t h y i n  ne wb or n s  l i nk ed  to  
p l ace n ta l  an d  um bi l i ca l  c o r d  ab no rma l i t i e s .  T he  jo ur na l  o f  
ma t e r na l -Fo e ta l  &  neo na ta l  m ed ic i ne  :  t he  o f f i c i a l  j o ur na l  o f  t he  
E ur opea n  As s oc i a t io n  o f  Pe r i na t a l  Medi c ine ,  t he  Fe d e ra t io n  o f  
As i a  a nd  Oce an ia  Pe r i na t a l  S oc ie t i e s ,  t he  In t e r na t io na l  S oc ie ty  
o f  Pe r i na t a l  Ob s t e t .  20 15 :1 -6 .  
1 0 0 .  D e vane  D ,  La l o r  J ,  Bon na r  J .  T he  us e  o f  i n t rapa r t um 
e l e c t r on i c  Fo e ta l  he a r t  r a t e  mon i to r in g :  a  na t io na l  s u r ve y.  I r i sh  
me dica l  j ou rna l .  20 07 ;1 00 (2) :3 6 0 -2 .  
1 0 1 .  S p ence r  J A,  Bada wi  N ,  Bu r t on  P ,  Ke o gh  J ,  Pem ber to n  P ,  
S t a n le y F.  The  i n t ra pa r tum  CT G pr io r  t o  n eo na ta l  
e ncep ha l opa t h y a t  t e rm :  a  ca se ‐co n t ro l  s tu d y.  BJ O G: A n  
In t e rna t io na l  J o ur na l  o f  O b s te t r i c s  &  Gyn a ec o lo g y.  
1 9 97 ; 10 4( 1) :2 5 -8 .  
1 0 2 .  U gw u mad u  A.  Ar e  we  ( mi s) gu i de d  b y cu r re n t  gu i de l i ne s  o n 
i n t ra pa r tum  Fo e ta l  hea r t  r a t e  mo ni t o r i n g?  C as e  fo r  a  mor e  
p h ys i o l o gic a l  ap pr oac h  to  i n t e r p r e t a t i on .  BJ O G :  a n  i n t e r na t i on al  
j ou rna l  o f  ob s t e t r i c s  a nd  gyn aeco lo gy.  2 0 14 .  
1 0 3 .  Ho l zman n  M ,  Wre t l e r  S ,  Cna t t i n g iu s  S ,  N or d s t r om L.  
C a r d io t oc o grap h y p a t t e rn s  and  r i sk  o f  i n t ra pa r tum  Fo e ta l  
ac i demi a .  J ou rna l  o f  pe r in a t a l  me d ic i ne .  2 01 5 ;4 3( 4) :4 7 3 -9 .  
1 0 4 .  Gr a ham EM ,  Ada mi  R R ,  M c Kenn e y S L,  J en n i n gs  J M,  Bu rd  
I ,  Wi t t e r  FR .  D ia gn os t i c  accu racy o f  Fo e ta l  hea r t  r a t e  mo ni t o r i ng  
i n  t he  id en t i f i ca t io n  o f  n eo na ta l  en cep ha l opa t h y.  O b s te t r i c s  and  
g yn e co l o gy.  2 01 4 ; 12 4( 3) :5 0 7 -13 .  
1 0 5 .  N e l so n  KB ,  D amb ro s i a  J M ,  T i n g T Y,  Gr e t he r  J K.  U nce r t a in  
va lue  o f  e l ec t ro n ic  Fo e ta l  mon i to r in g  i n  p red i c t in g  ce reb ra l  
p a l s y.  The  Ne w  E n gla nd  j ou rn a l  o f  me dic i ne .  19 96 ; 33 4( 10 ) :6 13 -
8 .  
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1 0 6 .  Lu t tk u s  AK,  No re n  H,  S tu p i n  J H,  Bla d  S ,  Ar u l kuma ra n  S ,  
E rk ko la  R ,  e t  a l .  Fo e ta l  s ca lp  pH a nd  ST  ana l ys i s  o f  t he  Fo e ta l  
E C G a s  an  ad j unc t  t o  CT G.  A m ul t i - cen te r ,  ob se r va t io na l  s t udy.  
J o ur na l  o f  pe r i na t a l  me d ic i ne .  20 0 4 ;3 2( 6) :4 8 6 -94 .  
1 0 7 .  D o r i a  V ,  Pap a ge or gh i ou  AT,  Gu s ta f s so n  A,  U gwu mad u  A,  
Fa r r e r  K,  Ar u l kuma ra n  S .  Re vie w  o f  t he  f i r s t  1 50 2  c as es  o f  
E C G-S T  wa ve fo rm  an a l ys i s  d ur in g  l a bo ur  i n  a  t each in g  ho s p i t a l .  
BJ O G :  a n  i n t e rna t io na l  j o ur na l  o f  ob s t e t r i c s  an d  gyn a ec o lo gy .  
2 0 07 ; 11 4( 10 ) :1 20 2 -7 .  
1 0 8 .  Br o ck le hu r s t  P .  A s t ud y o f  an  in t e l l i gen t  s ys t em t o  s up por t  
d ec i s io n  m aki n g  in  t h e  ma na gem e nt  o f  l ab ou r  us in g  t he  
ca rd i o t oco gra ph  -  t he  IN FAN T  s tu d y p ro toc o l .  BM C  p re gnancy  
a nd  ch i ld b i r t h .  2 01 6 ; 16 :1 0 .  
1 0 9 .  va n  de n  Be r g  P P ,  Ne le n  WLD M ,  J o n gsm a  HW,  Ni j l a nd  R ,  
Ko l l ée  LA A,  N i j hu i s  J G,  e t  a l .  N eo na ta l  c omp l i ca t i on s  i n  
n ew bo rn s  wi t h  an  umbi l i ca l  a r t e r y p H < 7 . 00 .  Amer i can  j ou rna l  
o f  ob s t e t r i c s  a nd  gyn ec o lo gy.  1 99 6 ; 17 5( 5) :1 1 52 -7 .  
1 1 0 .  R u t h  VJ ,  Ra i v io  KO .  Pe r i na t a l  b ra in  dama ge :  p re d ic t i ve  
va lue  o f  me ta bo l i c  ac id os i s  an d  t he  Ap ga r  s co re .  Bmj .  
1 9 88 ; 29 7( 66 40 ) :2 4 -7 .  
1 1 1 .  R o rb ye  C ,  Pe r s l e v  A,  Nic ke l se n  C .  La c ta t e  ve r su s  p H 
l e ve l s  i n  Fo e t a l  sca l p  b l oo d  du r i n g l ab or  -  u s i n g t he  La c ta t e  
S c ou t  S ys t e m.  Th e  jo ur na l  o f  ma te rna l -Fo e ta l  &  ne ona ta l  
me d ic i ne  :  t he  o f f i c i a l  j ou rna l  o f  t he  E ur opea n  As s oc ia t i on  o f  
P e r ina t a l  Me dic i ne ,  t he  Fe d e r a t io n  o f  As ia  an d  Oce an ia  Pe r i na t a l  
S o c ie t i e s ,  t he  In t e rna t io na l  Soc ie t y o f  P e r i na t a l  Ob s t e t .  20 15 :1 -
5 .  
1 1 2 .  Ea s t  CE ,  Le a de r  LR ,  S hee han  P ,  Hen s ha l l  N E,  Co ld i t z  P B,  
La u  R .  In t ra pa r t um  Fo e ta l  sca l p  l ac t a t e  sam pl i n g  f o r  Fo e ta l  
a s se s smen t  i n  t he  p re sence  o f  a  n on - rea s su r i n g  Fo e ta l  hea r t  r a te  
t r ace .  The  Coc hr ane  da t a ba se  o f  s ys t ema t i c  r e v i e ws .  
2 0 15 ; 5 :C d0 06 17 4 .  
1 1 3 .  N a ta ra j a n  G.  Ap ga r  sco re s  a t  10  mi n  an d  o u tc ome s  a t  6 -
7 ye a r s  f o l l ow in g  h yp o xi c - i sc haemic  enc ep ha lo pa t h y.  Arc h i ves  o f  
d i sea se  in  ch i ld ho od  Fo e ta l  a nd  n eo na ta l  ed i t i on .  
2 0 13 ; 98 (6 ) : F4 7 3 -9 .  
1 1 4 .  O 'D o n n e l l  CP ,  Kaml i n  CO ,  Dav i s  P G,  C a r l i n  J B ,  Mo r l e y 
CJ .  In t e r ob se r ve r  va r i a b i l i t y  o f  t he  5 -min u te  Ap ga r  sc ore .  T he  
J o ur na l  o f  ped i a t r i c s .  20 06 ;1 49(4 ) :4 8 6 -9 .  
1 1 5 .  AC O G C o mmi t t e e  Op in i on .  N u mbe r  33 3 ,  Ma y 2 0 06  
( re p l ace s  No .  17 4 ,  J u l y 19 96 ) :  T he  Ap ga r  sc ore .  Ob s t e t r i c s  and  
g yn e co l o gy.  2 00 6 ; 10 7( 5) :1 2 09 -12 .  
1 1 6 .  R u di ge r  M,  Brau n  N ,  Ara nda  J ,  Agu a r  M,  Be r ge r t  R ,  
B ys t r i cka  A,  e t  a l .  Ne ona ta l  a ss e s smen t  i n  t he  de l i ve r y r o om --
T r i a l  t o  E va l ua t e  a  S pec i f i ed  T yp e  o f  Ap ga r  (TE ST -Ap ga r ) .  BM C 
p ed ia t r i c s .  20 15 ; 15 :1 8 .  
1 1 7 .  D a l i l i  H,  Ni l i  F,  S h e ik h  M,  Hard an i  AK,  S h a r i a t  M ,  Na ye r i  
F.  C o mpa r i so n  o f  t he  f ou r  p ro pos ed  Ap ga r  sc or i n g s ys t em s in  t he  
a s se s smen t  o f  b i r th  a s ph yx i a  a nd  a d ve r se  ea r l y n eu ro lo g ic  
o u tc ome s .  P lo S  o ne .  2 01 5 ; 10 (3 ) :e 01 22 11 6 .  
 345 
 
1 1 8 .  Am ie l -T i s on  C .  A me t ho d  fo r  neu ro l o gi ca l  e va l ua t i on  
w i t h in  th e  f i r s t  yea r  o f  l i f e :  exp e r i e nce  w i th  f u l l - t e r m n ew bo rn  
i n fa n t s  wi t h  b i r th  i n ju r y.  C iba  Fo u nd  S ym p .  1 97 8 ;5 9 :1 07 -3 7 .  
1 1 9 .  T hom p so n  C M.  The  va lu e  o f  a  s co r i n g  s ys t em  f o r  h yp o x ic  
i sc haemic  e nce pha lo pa th y i n  p re d ic t i n g  neu ro de ve lo pme nta l  
o u tc ome .  Ac ta  pa ed ia t r i c a .  1 99 7 ; 86 :7 5 7 -61 .  
1 2 0 .  D u bo wi t z  L,  R icc i w  D ,  Me rcu r i  E .  The  D ub o wi t z  
n eu ro l o gi ca l  exam ina t i on  o f  t he  fu l l - t e rm  ne w bo rn .  Me nta l  
r e t a r da t i on  an d  de ve l opm enta l  d i sab i l i t i e s  r e sea rch  re v i e ws .  
2 0 05 ; 11 (1 ) :5 2 -60 .  
1 2 1 .  M u rra y D M ,  Ba la  P ,  O 'C o nn or  C M ,  R ya n  C A,  Co nn ol l y S ,  
Bo yl an  GB.  T he  p re d ic t i ve  va l ue  o f  ea r l y ne ur o lo g ica l  
e xami na t i on  i n  ne ona ta l  h yp o x ic - i scha emic  en cep ha l opa t h y a nd  
n eu ro de ve lo pmen ta l  o u tco me  a t  24  m ont h s .  De ve lo pmen ta l  
me dic i ne  an d  c h i l d  neu ro l o gy.  2 0 1 0 ;5 2( 2) :e 55 -9 .  
1 2 2 .  T oe t  MC ,  He l l s t r om -Wes ta s  L,  Gr o en en daa l  F,  E ken  P ,  de  
V r i e s  LS .  Am p l i t ude  i n t e gra t e d  EE G 3  an d  6  h ou rs  a f t e r  b i r t h  i n  
f u l l  t e rm  neo na te s  wi t h  h yp o x ic - i sch aemic  e nce pha l opa th y .  
Ar c h i ve s  o f  d i sea se  in  c h i l dh oo d  Fo e ta l  a nd  neo na ta l  e d i t i on .  
1 9 99 ; 81 (1 ) :F1 9 -2 3 .  
1 2 3 .  M u rra y D M ,  Bo yl a n  GB,  R ya n  C A,  C on nol l y S .  Ea r l y EE G 
f in d in gs  i n  h yp o x ic - i sc hemic  ence pha lo pa th y p r ed ic t  ou t come s  a t  
2  ye a r s .  Pe d ia t r i c s .  2 00 9 ;1 24 (3 ) :e 4 5 9 -67 .  
1 2 4 .  Azzo p a rd i  D .  P red i c t i ve  va l ue  o f  a mpl i tu de  in t e gr a t ed  E E G 
i n  in fa n t s  w i th  h yp o x ic - i schaemic  ence ph a lo pa t h y:  d a t a  f r om a  
r an domi se d  t r i a l  o f  t he ra pu t i c  h yp o t he rm ia .  Arch i ve s  o f  d i seas e  
i n  c h i l dh oo d  Fo e ta l  an d  neo na ta l  ed i t i o n .  2 01 4 ;9 9( 1) :F8 0 -2 .  
1 2 5 .  Wee ke  LC ,  Bo yl a n  GB,  P re s s l e r  R M ,  Ha l lbe r g  B ,  Blen no w 
M ,  T oe t  M C,  e t  a l .  Ro le  o f  EE G bac k gro un d  a c t i v i t y ,  se i zu re  
b ur de n  an d  M R I i n  p re d ic t i n g neu ro de ve lo pme nta l  ou t come  in  
f u l l - t e rm  in fan t s  wi t h  h yp o x ic - i sc haemic  e nce pha l opa th y i n  t he  
e ra  o f  t he ra pe u t i c  h yp o th e rmia .  Eu ro pea n  j ou rn a l  o f  p aed i a t r i c  
n eu ro l o gy :  EJ P N :  o f f i c i a l  j ou rn a l  o f  t he  Eu ro pean  Pae d ia t r i c  
N eu ro lo gy S o c ie t y.  20 16 ; 20 (6 ) :8 5 5 -6 4 .  
1 2 6 .  Azzo p a rd i  D ,  S t r oh m B,  E dw ar ds  AD .  Mo dera t e  
h yp o t he rm ia  to  t r ea t  pe r i na t a l  a s p h yx ia l  e nce pha l op a th y.  N  Eng  
J  Me d .  2 00 9 ; 36 1 :1 34 9 -58 .  
1 2 7 .  R en n ie  J M,  C ho r l e y G,  Bo yl an  GB,  P r e s s l e r  R ,  N gu ye n  Y ,  
Ho o pe r  R .  N on -ex pe r t  u se  o f  t h e  ce re bra l  fu nc t i on  m oni to r  fo r  
n eo na ta l  s e i zu re  de t ec t io n .  Arc h i ve s  o f  d i s ea se  i n  c h i l dh ood  
Fo e t a l  an d  neo na ta l  ed i t i o n .  2 004 ;8 9( 1) :F3 7 -4 0 .  
1 2 8 .  S h e l lha as  R A,  Soa i t a  AI ,  C la nc y R R .  S en s i t i v i t y  o f  
am pl i t ude - i n t e gra t e d  e l ec t r oen cep ha l o grap h y f o r  ne ona ta l  
s e i zure  d e t ec t i on .  Pe d ia t r i c s .  2 00 7 ; 12 0( 4) :7 7 0 -7 .  
1 2 9 .  Bo yl an  G,  Bur go yn e  L,  M oo re  C ,  O 'Fl a he r t y B ,  Re nn ie  J .  
An  in t e r na t io na l  s u r ve y o f  EEG u s e  in  t he  ne ona ta l  i n t e ns i ve  
ca re  un i t .  Ac ta  pae d ia t r i ca .  20 10 ;9 9( 8) :1 1 50 -5 .  
1 3 0 .  Wa l s h  BH,  Mu rra y D M ,  Bo yl a n  GB.  Th e  u se  o f  
c on ven t io na l  EE G f or  t h e  a ss e s smen t  o f  h yp o x ic  i sch aemic  
e ncep ha l opa t h y i n  t he  new b or n :  a  r e vi ew .  Cl i n i ca l  
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n eu ro ph ys i o l o gy :  o f f i c i a l  j ou rna l  o f  t he  In t e rna t i on al  
Fe d e ra t io n  o f  Cl i n i ca l  Neu ro ph ys i o lo gy.  2 0 11 ; 12 2( 7) :1 2 84 -9 4 .  
1 3 1 .  An d re  M,  La m bl in  M D,  d 'Al l e s t  AM ,  Cu r zi -Da sc a lo va  L,  
M o u s sa l l i -S a l e f ra nq ue  F,  T  S NT ,  e t  a l .  E l ec t ro ence pha lo gra phy  
i n  p rema tu re  a nd  fu l l - t e rm in f an t s .  De ve l opme nta l  f ea tu r e s  and  
g l o s sa r y.  N e ur op h ys i o lo g ie  c l i n i que  =  Cl i n i ca l  neu r o ph ys i o l o gy .  
2 0 10 ; 40 (2 ) :5 9 -12 4 .  
1 3 2 .  S e l t on  D ,  An d re  M.  Pr o gnos i s  o f  h yp o x ic - i sc haemic  
e ncep ha l opa t h y i n  f u l l - t e r m ne wb or n s - -va l ue  o f  ne ona ta l  
e l e c t r oenc ep ha lo gr ap h y.  Neu ro pe d ia t r i c s .  1 99 7 ;2 8( 5) :2 7 6 -8 0 .  
1 3 3 .  va n  Li e s ho u t  HB,  J aco b s  J W,  R ot t e vee l  J J ,  Ge ven  W,  v ' t  
Ho f  M .  T he  p r o gno s t i c  va lue  o f  t he  E E G i n  a s ph yx ia t ed  
n ew bo rn s .  Ac t a  neu ro l o g ica  Scan d i na vi ca .  1 99 5 ;9 1( 3) :2 0 3 -7 .  
1 3 4 .  Ko r o t ch i ko va  I ,  Co nn ol l y S ,  R ya n  C A,  Mu rra y D M ,  Tem ko 
A,  Gr e en e  BR,  e t  a l .  EE G i n  t he  h ea l t h y t e rm  new bo rn  wi th i n  12  
h o ur s  o f  b i r t h .  C l in i ca l  neu ro phys i o l o gy :  o f f i c i a l  j ou rna l  o f  t he  
In t e rna t io na l  Fe de ra t i on  o f  Cl i n i ca l  Ne ur op h ys i o lo gy.  
2 0 09 ; 12 0( 6) :1 0 46 -5 3 .  
1 3 5 .  Bo yl an  G,  Mu rra y D ,  Re nn ie  J .  T he  no rma l  EE G an d  aEE G.   
N eo na ta l  ce reb ra l  i n ves t i ga t ion :  C amb r id ge  U ni ve r s i t y  P re ss  
C amb r id ge ;  2 00 8 .  p .  83 -9 1 .  
1 3 6 .  Ll o yd  R ,  Go ul d in g  R ,  Fi l a n  P ,  Bo yl an  G.  O ve rco min g  the  
p rac t i ca l  cha l l en ge s  o f  e l ec t r oen cep ha l o grap h y f o r  ve r y p re t e rm 
i n fa n t s  i n  t he  ne ona ta l  i n t e n s ive  c a re  u n i t .  Ac ta  pae d ia t r i ca .  
2 0 15 ; 10 4( 2) :1 5 2 -7 .  
1 3 7 .  d e  V r i e s  LS ,  Gr o e ne ndaa l  F.  P a t t e rn s  o f  neo na ta l  h yp o x ic -
i sc haemic  b ra i n  i n j u r y.  Ne ur or ad io l o gy.  2 01 0 ; 52( 6) :5 5 5 -6 6 .  
1 3 8 .  Li a u w  L,  va n  We ze l -Me i j l e r  G,  Ve en  S ,  van  Buc hem M A,  
va n  de r  Gr on d  J .  D o  a ppa ren t  d i f fu s i on  coe f f i c i e n t  mea s ure ment s  
p re d ic t  ou tc ome  in  c h i l d re n  w i t h  ne on a ta l  h yp o x ic - i s chem ic  
e ncep ha l opa t h y?  AJ N R Ame r ica n  j ou rna l  o f  ne ur ora d i o lo gy.  
2 0 09 ; 30 (2 ) :2 64 -7 0 .  
1 3 9 .  Al d e r l i e s t en  T ,  de  Vr i e s  LS ,  Be n de r s  MJ ,  Ko opm an  C ,  
Gr o en en daa l  F.  M R  ima gin g  and  ou tcome  of  t e rm  neo na te s  wi th  
p e r i na t a l  a sp h yx ia :  va l ue  o f  d i f f u s i on -we i gh ted  MR ima gin g  and  
( 1 ) H M R  spec t ro sc op y.  R ad i o log y.  2 0 11 ; 26 1( 1) :2 3 5 -42 .  
1 4 0 .  Al d e r l i e s t en  T ,  de  V r i e s  LS ,  Kh a l i l  Y ,  va n  Haa s t e r t  IC ,  
Be n de r s  MJ ,  Ko opm an -E ss ebo om  C ,  e t  a l .  The rap eu t i c  
h yp o t he rm ia  mo di f i e s  pe r ina t a l  a sp h yx ia - in du ced  c han ge s  o f  t he  
c or pu s  ca l l o sum  a nd  ou tc ome  i n  ne ona t e s .  J o ur na l  o f  
p e r i na t o lo gy :  o f f i c i a l  j ou rna l  o f  t he  Ca l i f o r n i a  Pe r i na t a l  
As s o c ia t io n .  2 01 5 ;1 0( 4) :e 0 12 323 0 .  
1 4 1 .  R u t he r fo rd  M,  Rame n ghi  LA,  Ed wa rd s  AD ,  Br ock l eh ur s t  P ,  
Ha l l i da y H,  Le ve n e  M,  e t  a l .  As s e s smen t  o f  b ra i n  t i s sue  in j u ry  
a f t e r  m ode ra t e  h yp o t he rm ia  in  n eo na te s  w i th  h yp o x ic - i sc haem ic  
e ncep ha l opa t h y :  a  ne s t ed  su b s tu d y o f  a  r a nd omi sed  co n t r o l l ed  
t r i a l .  T he  La nce t  Ne ur o lo gy.  2 01 0 ; 9( 1) :3 9 -4 5 .  
1 4 2 .  R o l l i n s  N,  Bo ot h  T ,  M or r i ss  M C ,  San che z P ,  He yn e  R ,  
C ha la k  L.  P re d ic t i ve  va l ue  o f  ne ona t a l  MR I  sh o win g  n o  o r  m ino r  
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d e gree s  o f  b r a in  i n ju r y a f t e r  hyp o t he rmia .  P ed ia t r i c  neu ro lo gy.  
2 0 14 ; 50 (5 ) :4 47 -5 1 .  
1 4 3 .  V e r ga le s  BD,  Zan e l l i  S A,  Ma t s umot o  J A,  Goo dk in  HP ,  
La k e  DE ,  M oo rman  J R ,  e t  a l .  De pre s se d  h ea r t  r a t e  va r i ab i l i t y  i s  
a s soc i a t e d  wi t h  ab n o rma l  EE G,  M R I ,  a nd  de a th  i n  neo na te s  wi th  
h yp o x ic  i sc hemi c  e ncep ha l op a th y.  Am er i can  j our na l  o f  
p e r i na t o lo gy.  2 0 14 ; 31 (1 0) :8 5 5 -62 .  
1 4 4 .  Go u l d in g  R M ,  Ste ven so n  NJ ,  M u rra y D M ,  Li v i n gs t on e  V,  
Fi l a n  P M,  Bo yl an  GB.  He a r t  r a t e  va r i ab i l i t y  i n  h yp o x i c  i sche mic  
e nce p ha l opa t h y :  c o r re l a t i o n  w i th  EE G gr ade  an d  2 -y  
n eu ro de ve lo pmen ta l  ou tc ome .  Pe d ia t r i c  r e sea r ch .  
2 0 15 ; 77 (5 ) :6 81 -7 .  
1 4 5 .  Go u l d in g  R M ,  Ste ven so n  NJ ,  M u rra y D M ,  Li v i n gs t on e  V,  
Fi l a n  P M,  Bo yl an  GB.  He a r t  r a t e  va r i ab i l i t y  i n  h yp o x i c  i sche mic  
e ncep ha l opa t h y d ur i n g  t he rap eu t i c  h yp o the rmia .  Pe d ia t r ic  
r e s ea rc h .  2 01 7 ; 81( 4) :6 0 9 -1 5 .  
1 4 6 .  C ad y E B,  Iwa t a  O ,  Ba in br i d ge  A,  Wya t t  J S ,  R obe r t so n  NJ .  
P h o sp ho ru s  m a gne t i c  r e so nan ce  s pec t r o sco p y 2  h  a f t e r  pe r ina t a l  
c e reb ra l  h yp o x ia - i sch emia  p ro gn o s t i ca t e s  o u tc ome  in  t he  
n ew bo rn  p i g l e t .  J ou rna l  o f  neu ro chem is t r y.  2 00 8 ;1 07 (4 ) :1 027 -
3 5 .  
1 4 7 .  C ha la k  LF,  S a nc he z  PJ ,  Adam s -Hu e t  B ,  La p to ok  AR ,  He yn e 
RJ ,  R os en fe ld  CR .  Bio mar ke r s  fo r  se ve r i t y  o f  n eo na ta l  h yp o x ic -
i sc hemic  e ncep ha l opa t h y a nd  o u tc ome s  in  n ew bo rn s  r ece i v ing  
h yp o t he rm ia  the rap y.  T he  J o ur na l  o f  ped i a t r i c s .  
2 0 14 ; 16 4( 3) :4 6 8 -74 .e1 .  
1 4 8 .  Wa l s h  BH,  Bo yl an  GB,  Li v i n gs to ne  V ,  Ken n y LC ,  Demp se y 
E M ,  M urr a y D M .  C or d  b loo d  p ro t e in s  an d  mul t i cha nne l -
e l e c t r oenc ep ha lo gr ap h y in  h yp o x ic - i sc hemi c  e ncep ha l opa t h y.  
P e d ia t r i c  c r i t i c a l  ca re  m edic i ne  :  a  j o ur na l  o f  t he  Soc i e t y o f  
C r i t i ca l  Ca r e  Med ic ine  an d  t he  Wo r ld  Fe de ra t i on  o f  Ped i a t r i c  
In t e n s i ve  a nd  C r i t i ca l  Ca re  Soc ie t i e s .  20 13 ;1 4( 6) :6 2 1 -30 .  
1 4 9 .  Fl o r i o  P ,  Fr i g i o l a  A,  Ba t t i s t a  R ,  Ab d a l l a  Ae l  H,  Ga zzo lo  D,  
Ga l l e r i  L,  e t  a l .  Ac t i vi n  A in  a s ph yx i a t ed  f u l l - t e r m new bo rn s  
w i t h  h yp o x ic  i s chem ic  ence ph a l opa t h y.  Fr o n t i e r s  i n  b i o sc i e nce  
( E l i t e  ed i t i o n) .  20 10 ;2 :3 6 -4 2 .  
1 5 0 .  Ga zzo lo  D ,  Abe l l a  R ,  Mar in on i  E ,  d i  Io r i o  R ,  Li  Vo l t i  G,  
Ga l van o  F,  e t  a l .  Ne w m ar ke r s  o f  ne ona ta l  ne ur o lo gy.  T he  
j ou rna l  o f  m a te r na l -Fo e ta l  &  n eo na ta l  me d ic i ne  :  t he  o f f i c i a l  
j ou rna l  o f  t he  Eu ro pea n  As s oc ia t i on  o f  Pe r i na t a l  Medic ine ,  t he  
Fe d e ra t io n  o f  As ia  an d  Ocea n ia  Pe r i na t a l  S oc ie t i e s ,  t he  
In t e rna t io na l  So c ie t y o f  P e r i na t a l  O b s t e t .  2 00 9 ;2 2  Su pp l  3 :5 7 -
6 1 .  
1 5 1 .  S o lbe r g R ,  En o t  D,  De i gn e r  HP ,  K o a l  T ,  Sc ho l l -Bu r g i  S ,  
S a u gs t a d  O D,  e t  a l .  Me t ab o lom ic  ana l ys e s  o f  p l a sma  re vea l s  new 
i n s i gh t s  i n t o  a sp h yx ia  a nd  r e s u sc i t a t i on  i n  p i gs .  P l oS  one .  
2 0 10 ; 5( 3) :e 96 06 .  
1 5 2 .  Wa l s h  BH,  Br oad hu r s t  D I ,  Ma nd a l  R ,  Wi sha r t  D S,  Bo yla n 
GB,  Ke n n y LC ,  e t  a l .  The  m e tab o l om ic  p ro f i l e  o f  umbi l i ca l  c o rd  
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b lo od  in  neo na ta l  h yp o x ic  i schaem ic  e ncep ha l opa t h y.  P l oS  o ne .  
2 0 12 ; 7( 12 ) :e5 05 20 .  
1 5 3 .  D en iha n  N M,  Bo yl a n  GB,  M u rra y D M .  Me tab o lo mic  
p ro f i l i n g  in  pe r ina t a l  a sp h yx ia :  a  p r omi s i n g ne w f i e ld .  Bi o Med 
r e s ea rc h  in t e rna t io na l .  20 15 ; 20 1 5 :2 5 4 07 6 .  
1 5 4 .  Lo o n e y AM ,  Wal sh  BH,  Mo lo ney G,  Gr e nha m S,  Fa ga n  A,  
O 'Ke e f fe  GW,  e t  a l .  Do w nre gu la t io n  o f  Um bi l i ca l  Co rd  Blo od  
Le ve l s  o f  mi R -37 4a  in  N eo na ta l  H yp o xi c  I sch emic  
E ncep ha l opa th y.  T he  J ou rna l  o f  ped ia t r i c s .  20 15 ;1 67( 2) :2 6 9 -
7 3 .e2 .  
1 5 5 .  Wh i t e head  C L,  Teh  WT ,  Wa lke r  S P,  Le u n g  C,  La r mo ur  L,  
T on g  S .  C i r cu la t in g  Mic r oR N As  i n  ma te rna l  b l oo d  a s  po te n t i a l  
b ioma rk e r s  f o r  Fo e ta l  h yp o x ia  i n -u t e r o .  P l o S  o ne .  
2 0 13 ; 8( 11 ) :e7 84 87 .  
1 5 6 .  Lv  H,  Wa n g  Q ,  Wu S ,  Ya n g L,  Re n  P ,  Ya n g  Y ,  e t  a l .  
N eo na ta l  h yp o x ic  i s chem ic  e nc ep ha l opa th y- r e l a t e d  b io mar ke r s  i n  
s e r um  an d  c e re br o sp i na l  f l u id .  C l i n i ca  ch imica  ac t a ;  
i n t e r na t i on a l  j ou rn a l  o f  c l i n i ca l  c hemi s t r y.  20 15 ; 45 0 :2 82 -9 7 .  
1 5 7 .  R ama s wam y V ,  Ho r t on  J ,  Van de rmee r  B ,  Bu scem i  N,  
M i l l e r  S ,  Ya ge r  J .  S ys t e ma t i c  r e v i e w o f  b iom ar ke r s  o f  b ra in  
i n ju r y in  t e rm neo na ta l  enc eph a lo pa t h y.  Ped ia t r i c  neu ro l o gy .  
2 0 09 ; 40 (3 ) :2 15 -2 6 .  
1 5 8 .  Le v i t on  A.  Wh y t he  t e rm neo na ta l  en cep ha lo pa t h y s ho u l d 
b e  p re fe r re d  o ve r  ne ona ta l  hyp o x ic - i sch emic  e ncep ha l opa thy.  
Am e r i ca n  jo urn a l  o f  o b s t e t r i c s  an d  gyn ec o l o gy.  
2 0 13 ; 20 8( 3) :1 7 6 -80 .  
1 5 9 .  An d re  T ,  C he sn i  Y,  Au t gae rde n .  [ S ome  p o i n t s  o f  
n eu ro l o gi c  se mio l o gy i n  t he  ne w bo rn  a nd  yo u n g  in fan t ;  
e xp l o ra t io n  o f  va r i ou s  a f fe re nces ;  r eac t io n  to  d i g i t a l  a nd  pa lmar  
s t im ul i ,  rh yt h m,  in h i b i t i on  o f  r e f l e xe s ,  s t a t i c  a nd  loc om oto r  
a p t i t ude  o f  t h e  up pe r  l i mb s ,  a f f ec t  an d  a f fec t i v i t y] .  La  P r e s se  
me dica l e .  1 95 4 ;6 2( 3) :4 1 -4 .  
1 6 0 .  Am ie l -T i s on  C .  Up da te  o f  t h e  amie l - t i so n  ne ur o l o gic  
a s se s smen t  fo r  t he  t e r m neo na te  o r  a t  40  week s  co r r ec t ed  a ge .  
P e d ia t r i c  neu ro lo gy.  2 0 02 ; 27 (3 ) :1 9 6 -2 1 2 .  
1 6 1 .  Br a ze l to n  T B.  Ne ona t a l  b ehav i o ura l  a ss e s sm ent  sc a l e .  
Lo n d o n :  S pas t i c s  In t e rn a t io na l  M edic a l  Pu b l i ca t io n /W.  
He i nema nn  M ed .  Bo ok s ;  1 97 3 .  
1 6 2 .  M er cu r i  E ,  Du bo wi t z  L.  N eu ro l o gic a l  exa mina t io n  o f  t he  
n ew bo rn .  Cu r r en t  Paed ia t r i c s .  19 9 9 ;9 :4 2 -5 0 .  
1 6 3 .  E i n sp ie l e r  C ,  Pr e ch t l  H F.  P r ech t l ' s  a s se s smen t  o f  gen e ra l  
m o vem ent s :  a  d i a gn o s t i c  t o o l  fo r  t he  fu nc t io na l  a s se s sme nt  o f  
t he  yo u n g  ne r vou s  s ys t em .  Me nta l  r e t a r da t i on  a nd  de ve l opme nta l  
d i sab i l i t i e s  r e sea rch  re v i e w s .  2 00 5 ; 11 (1 ) :6 1 -7 .  
1 6 4 .  Bu r ge r  M,  Lo u w  Q A.  T he  p red ic t i ve  va l id i t y  o f  gene ra l  
m o vem ent s - -a  s ys t ema t i c  r e v i ew .  Eu ro pean  jo ur na l  o f  p aed i a t r i c  
n eu ro l o gy :  EJ P N :  o f f i c i a l  j ou rn a l  o f  t he  Eu ro pean  Pae d ia t r i c  
N eu ro lo gy S o c ie t y.  20 09 ; 13 (5 ) :4 0 8 -2 0 .  
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1 6 5 .  D u bo wi t z  L,  D u bo wi t z  V,  P a lme r  P ,  Ve r gh o te  M .  A ne w 
a pp roac h  to  t he  ne u ro lo g ica l  a ss e s smen t  o f  t he  p re t e rm  a nd  f u l l -
t e rm ne wb or n  in fan t .  Bra in  & deve lo pme nt .  1 98 0 ;2 (1 ) :3 -1 4 .  
1 6 6 .  D u bo wi t z  L,  M erc ur i  E ,  D ub o wi t z  V.  An  o p t ima l i t y  s co re  
f o r  t he  neu ro l o g ic  e xami na t i on  o f  t he  t e r m ne wb or n .  The  J o ur nal  
o f  pe d ia t r i c s .  1 99 8 ;1 33 (3 ) :4 0 6 -16 .  
1 6 7 .  Ha a ta j a  L,  M erc ur i  E ,  Gu zze t t a  A,  R ut he r fo rd  M,  C ou n se l l  
S ,  Fl a vi a  Fr i s one  M ,  e t  a l .  Neu ro lo g ic  e xami na t i on  in  i n f an t s  
w i t h  h yp o x ic - i schem ic  ence pha l opa t h y a t  a ge  9  to  1 4  m on th s :  
u se  o f  o p t im a l i t y  s c ore s  a nd  c or r e l a t i on  wi t h  ma gne t i c  r e so nance  
ima gi n g  f i nd i n gs .  T he  J ou rn a l  o f  p ed ia t r i c s .  20 01 ; 13 8( 3) :3 3 2 -7 .  
1 6 8 .  Le ve n e  M L,  Ko r nbe r g  J ,  Wi l l i am s  T H.  T he  i nc ide nce  an d 
s e ve r i t y  o f  po s t -a sp h yx ia l  encep ha l opa th y i n  f u l l - t e rm  in fa n t s .  
Ea r l y h uma n  de ve lo pmen t .  1 98 5 ; 11 (1 ) :2 1 -6 .  
1 6 9 .  Ho r n  AR .  Ea r l y c l i n i ca l  s i gn s  i n  ne on a te s  wi th  h yp o x ic -
i sc haemic  e ncep ha l opa th y p re d ic t  an  a bn orm a l  a mpl i tu de -
i n t e gra t e d  e l ec t ro ence pha lo gram a t  a ge  6  h ou rs .  BM C pe d ia t r i c s .  
2 0 13 ; 13 :5 2 .  
1 7 0 .  Ho r n  AR ,  S wi n gl e r  GH,  M ye r  L,  Li n l e y LL,  
C ha nd ra seka ran  M ,  Ro be r t so n  N J .  Ea r l y c l i n i c a l  p red ic to r s  o f  a  
s e ve re l y a b no rma l  am pl i t ud e - i n t e gra t ed  e l e c t r oenc ep ha lo gr am  at  
4 8  ho ur s  i n  c oo l ed  n eo na te s .  Ac ta  paed ia t r i ca .  
2 0 13 ; 10 2( 8) :e 37 8 -84 .  
1 7 1 .  Am e s s  PN .  Ea r l y b ra i n  p ro to n  ma gne t i c  r e so nan ce 
s pe c t r o sco p y an d  ne ona ta l  ne ur o lo gy r e l a t ed  to  
n eu ro de ve lo pmen ta l  ou t come  a t  1  yea r  i n  t e rm  i n fa n t s  a f t e r  
p re su med  h yp o xic - i schae mic  b ra i n  in ju r y.  D e ve l opm enta l  
me dic i ne  an d  c h i l d  neu ro l o gy.  19 9 9 ;4 1 :4 36 -4 5 .  
1 7 2 .  P a r o -Pa n ja n  D,  Ne uba ue r  D ,  Ko dr i c  J ,  Bra t an i c  B .  Amie l -
T i s on  Ne ur o l o gic a l  As s e ss ment  a t  t e r m a ge :  c l i n i ca l  a pp l i ca t i on ,  
c o r re l a t i on  wi t h  o t he r  me th od s ,  a nd  ou tc ome  a t  12  t o  1 5  mo nth s .  
D e ve lo pme nta l  med ic ine  a nd  ch i l d  neu ro l o gy.  2 00 5 ; 47 (1 ) :1 9 -26 .  
1 7 3 .  P a r o -Pa n ja n  D,  S us t e r s i c  B ,  Ne uba ue r  D .  C om par i s on  o f  
t w o  m e th od s  o f  ne ur o lo g ic  a s s e s smen t  i n  i n fan t s .  P ed i a t r i c  
n eu ro l o gy.  2 00 5 ;3 3( 5) :3 1 7 -2 4 .  
1 7 4 .  Ba yl e y N .  Ba yl e y S ca l e s  o f  In fa n t  a nd  To dd le r  
D e ve lo pme nt .  3 rd  Ed .  Sa n  An ton io ,  T X :  P s yc h C or p ;  20 06 .  
1 7 5 .  Gr i f f i t h s  R .  T he  Gr i f f i t h s  m enta l  de ve l opm ent  sca l e s  f rom 
b i r t h  t o  t wo  yea r s ,  man ua l ,  t he  19 96  re v i s io n .  H e n le y :  
As s o c ia t io n  fo r  Re sea r ch  in  In fa n t  a nd  C hi l d  De ve l opme nt ,  Te s t  
Age n c y;  19 96 .  
1 7 6 .  Bo w en  J R,  Gi b so n  FL,  Le s l i e  GI ,  Ar n o l d  J D,  Ma  PJ ,  S t a r t e  
D R .  Pr ed ic t i ve  va l ue  o f  t he  Gr i f f i t h s  a s se s sme nt  i n  e x t r eme ly  
l o w b i r th we i gh t  i n f an t s .  J ou rna l  o f  pae d ia t r i c s  an d  ch i ld  h ea l t h .  
1 9 96 ; 32 (1 ) :2 5 -30 .  
1 7 7 .  Ba r ne t t  A L,  Gu zze t t a  A,  Merc ur i  E ,  He nde r so n  SE ,  Ha a ta j a  
L,  C o wan  F,  e t  a l .  Ca n  the  Gr i f f i t h s  sca l e s  p re d ic t  ne ur omot or  
a nd  pe rc ep t ua l -mot or  impa i rmen t  i n  t e rm in fan t s  wi t h  n eo na ta l  
e ncep ha l opa t h y?  Ar c h i ve s  o f  d i s ea se  in  c h i l dh oo d .  
2 0 04 ; 89 (7 ) :6 37 -4 3 .  
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1 7 8 .  Ge e  M,  Gee  K.  E vo l u t io n  o f  t he  Gr i f f i t h s :  f r om  GM D S  t o 
Gr i f f i t h s  I I I  [ We b  a r t i c l e ] .  20 16  [  
1 7 9 .  S t ro ud  L,  Gr ee n  E ,  Mc Al in den  P ,  B l oom f ie l d  S .  G5 98 ( P)  
C hi l d  d e ve l opm ent  a nd  i t s  a ss e s smen t :  r e v i s i n g t he  g r i f f i t hs  
me nt a l  de ve lo pmen t  sc a l e s .  Arc h i ve s  o f  d i sea se  in  c h i l dh oo d .  
2 0 16 ; 10 1( S up pl  1 ) :A3 5 6 .  
1 8 0 .  J a r v i s  M,  Ch an d le r  E .  An gle s  on  ch i ld  ps yc h o l o gy :  N e l so n 
T ho rne s ;  2 00 1 .  
1 8 1 .  Ka y D ,  Ki bb l e  J .  Le a r n i n g the or i e s  1 01 :  ap p l i ca t io n  to  
e ve r yd a y t ea ch i n g an d  sch o la r s h i p .  Ad v a nce s  i n  p h ys i o lo gy  
e duca t io n .  2 01 6 ;4 0( 1) :1 7 -2 5 .  
1 8 2 .  Fl o o d  E .  Ch i ld  D e ve l opm ent :  Gi l l  &  Ma cM i l l a n ;  20 10 .  
1 8 3 .  Ba i l l a r ge on  R ,  De V o s  J .  Ob jec t  p e rma ne nce  i n  yo u n g 
i n fa n t s :  f u r t he r  e v i denc e .  C h i ld  de ve lo pme nt .  19 91 ; 62 (6 ) :1 227 -
4 6 .  
1 8 4 .  Fr e e man  N H,  Ll o yd  S ,  S i n ha  C .  In fa n t  sea r ch  t a sk s  re vea l  
ea r l y c on cep t s  o f  c on t a inm ent  a nd  ca no n ica l  u sa ge  o f  ob jec t s .  
C o gni t i o n .  1 98 0 ;8 (3 ) :2 43 -6 2 .  
1 8 5 .  P i a ge t  J ,  Inhe lde r  B .  T he  ch i ld 's  c onc ep t  o f  space :  
R o ut l ed ge  & Pa u l ;  1 95 6 .  
1 8 6 .  D o na l ds on  M.  C hi l d re n 's  min d s .  Lo n d on :  Fo n tan a ;  19 78 .  
1 8 7 .  M c Gar r i g l e  J ,  Do na l d so n  M.  Co n se r va t i on  acc i de n t s .  
C o gni t i o n .  1 97 4 ;3 (4 ) :3 41 -5 0 .  
1 8 8 .  C a se  R .  In t e l l ec t ua l  de ve l opme nt :  B i r t h  t o  ad u l t ho od :  
Ac a demic  Pr ;  1 98 5 .  
1 8 9 .  Ka i l  R .  P roc es s i n g t ime  dec l i ne s  ex po nen t i a l l y  d ur i n g 
c h i ld ho od  an d  ad o le sce nce .  D e ve lo pme nta l  p s yc h o l o gy .  
1 9 91 ; 27 (2 ) :2 59 .  
1 9 0 .  Lu r i a  AR ,  Y ud o vic h  FI .  S peech  a nd  the  De ve lo pmen t  o f  
M en ta l  P roc es se s  i n  t he  Chi ld .  19 7 1 .  
1 9 1 .  Br u ne r  J ,  Ken ne y H.  T he  d e ve lo pme nt  o f  t he  c on cep t s  o f  
o rd e r  an d  p r op or t i on  i n  c h i l d re n .  S tu d ie s  i n  Co gn i t i ve  Gr o wth  
N e w Y or k :  Wi le y.  19 66 .  
1 9 2 .  S mi t h  P ,  C o wie  H,  Blade s  M .  U nde r s t an d i n g Ch i ld ren 's  
D e ve lo pme nt .  Ox fo rd :  B l ack we l l ;  1 99 8 .  
1 9 3 .  Wim mer  H,  Pe rne r  J .  Be l i e f s  abo u t  be l i e f s :  R e pre se n ta t i on  
a nd  c on s t ra in in g  fu nc t i on  o f  wr on g  be l i e f s  i n  yo u n g  c h i ld re n 's  
u n de r s t a nd i n g  o f  dece p t i on .  Co gn i t i on .  19 83 ; 13 (1 ) :1 03 -2 8 .  
1 9 4 .  Avi s  J ,  Ha r r i s  P L.  Be l i e f ‐ de s i r e  r ea s on i n g amo n g Bak a 
c h i ld re n :  e v i dence  f o r  a  un i ve r sa l  c once p t i on  o f  m in d .  C h i ld  
d e ve l op ment .  19 91 ;6 2( 3) :4 6 0 -7 .  
1 9 5 .  Le s l i e  AM .  Pr e t en d i n g  an d  be l i e v in g :  I s s u e s  i n  t he  th eo r y 
o f  To M M.  C o gni t i on .  19 94 ;5 0( 1 -3 ) :2 1 1 -3 8 .  
1 9 6 .  S ym o n s  D K,  Cla r k  SE .  A Lo n gi tu d i na l  S tu d y o f  Mot he r ‐
C hi l d  R e la t i on s h ip s  a nd  T he or y o f  Mi nd  i n  t h e  P re sc ho o l  Pe r i od .  
S o c ia l  De ve l opm ent .  20 00 ; 9( 1) :3 -2 3 .  
1 9 7 .  Wi l de  As t in g t on  J .  Th eo r y o f  mi nd ,  Hum pt y D um pt y,  an d 
t he  i ceb ox .  Hu man  De ve lo pmen t .  19 98 ; 41 (1 ) :3 0 -9 .  
1 9 8 .  Ba r on -C ohe n  S ,  Le s l i e  AM ,  Fr i th  U .  Doe s  t he  a u t i s t i c  c h i l d  
h a ve  a  " t he or y o f  min d "?  C o gni t i on .  19 85 ; 21 (1 ) :3 7 -46 .  
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1 9 9 .  Ka r mi lo f f -S mi t h  A.  Na t i v i sm ve rs u s  neu roc on s t ru c t i v i s m : 
R e th i nk in g  the  s t u d y o f  de ve lo pme nta l  d i so rde r s .  De ve lo pmen ta l  
p s yc h o l o gy.  2 00 9 ;4 5( 1) :5 6 -6 3 .  
2 0 0 .  P i nke r  S .  Th e  l a n gua ge  i ns t in c t :  The  ne w sc i ence  o f  
l a n gua ge  a nd  mi nd :  P en gu i n  U K;  1 99 5 .  
2 0 1 .  S p e lke  E S.  N a t i v i s m,  empi r i c i sm ,  a nd  the  o r i g in s  o f  
k n ow led ge .  In fan t  Be ha vi o r  and  De ve l opm ent .  1 99 8 ;2 1( 2) :1 8 1 -
2 0 0 .  
2 0 2 .  S p e lke  E S ,  Ki n zl e r  KD .  Cor e  kn o wled ge .  De v  S c i .  
2 0 07 ; 10 (1 ) :8 9 -96 .  
2 0 3 .  We ste rma nn  G,  M are sc ha l  D ,  J oh n so n  M H,  Si r o i s  S ,  
S p ra t l i n g  M W,  T hom as  M SC .  Neu roc on s t ru c t i v i s m . 
D e ve lo pme nta l  S c i enc e .  2 00 7 ;1 0( 1) :7 5 -8 3 .  
2 0 4 .  R eed  J ,  Wa rn e r -R o ge r s  J .  Ch i ld  ne ur op s yc h o lo gy :  
c once p t s ,  t heo r y,  a nd  p rac t i ce :  J o h n  Wi l e y & S on s ;  2 00 9 .  
2 0 5 .  J o hn s on  M H.  Fu n c t io na l  b ra i n  de ve l opme nt  i n  h uma ns .  
N a t u re  Re v ie w s  Ne ur o sc i e nce .  20 0 1 ;2 (7 ) :4 75 -8 3 .  
2 0 6 .  Ka r mi lo f f -S mi t h  A.  Be yo n d  mod ula r i t y :  A d e ve lo pme nta l  
a pp roac h  t o  c o gn i t i ve  sc i ence .  Ca mb r id ge ,  M A: M IT  Pre s s ;  
1 9 92 .  
2 0 7 .  Gr i ce  SJ ,  de  Haan  M,  Ha l i t  H,  J o hn so n  M H,  C s i b r a  G,  
Gr a n t  J ,  e t  a l .  ER P a bn or ma l i t i e s  o f  i l l u s or y c on t ou r  p e rce p t i on  
i n  Wi l l i am s  s yn d r ome .  Ne ur oRep or t .  2 00 3 ;1 4( 14 ) :1 77 3 -7 .  
2 0 8 .  S u r  S ,  S in ha  V K.  E ven t - re l a t ed  po t en t i a l :  An  o ve r v ie w .  
In d u s t r i a l  p s yc h ia t r y j ou rna l .  200 9 ; 18 (1 ) :7 0 -3 .  
2 0 9 .  D 'S o u za  D ,  Cole  V,  Fa r ra n  E K,  Br o wn J H,  Hum ph re ys  K,  
Ho w a rd  J ,  e t  a l .  Fa ce  p r oces s in g  i n  Wi l l i am s  s yn d rome  i s  
a l rea d y a t yp ica l  i n  i n fa nc y.  Fr o n t i e r s  i n  p s yc h o l o gy.  2 01 5 ;6 :7 60 .  
2 1 0 .  T homa s  M S .  C ha r ac t e r i s in g  C om pen sa t io n :( Com ment a r y o n 
U l lma n  an d  Pie rp on t , “ Sp ec i f i c  La n gua ge  Im pa i rmen t  i s  n ot  
S p ec i f i c  t o  La n gu a ge :  Th e  Pr oce du ra l  De f i c i t  Hyp o t he s i s” ) .  
C o r tex .  20 05 ; 41 (3 ) :4 3 4 -42 .  
2 1 1 .  C a se y BJ ,  De  Haa n  M.  In t r od uc t i on :  ne w m e th od s  i n  
d e ve l op ment a l  sc i e nce .  De ve l opme nta l  Sc i e nce .  2 00 2 ; 5(3 ) :2 6 5 -7 .  
2 1 2 .  M ar in -P ad i l l a  M .  Or i gi n ,  f o r ma t i on ,  a nd  p rena ta l  
ma t ur a t io n  o f  t he  hu man  ce re br a l  co r t ex :  an  o ve r v i e w.  J ou rn a l  of  
c ran i o f ac i a l  ge ne t i c s  and  d e ve l op menta l  b io l o gy.  
1 9 89 ; 10 (2 ) :1 37 -4 6 .  
2 1 3 .  S em ple  BD ,  Bl om gre n  K,  Gi ml i n  K,  Fe r r i e r o  D M,  No ble -
Ha e us s l e in  LJ .  Bra in  de ve l opme nt  i n  ro de n t s  a nd  hu man s :  
Id e n t i f yi n g  be nch mar k s  o f  ma t ur a t io n  an d  vu lne rab i l i t y  t o  i n j u ry  
ac ro s s  s pec i e s .  P ro gre s s  i n  ne uro b i o lo gy.  2 0 13 ;1 06 -10 7 :1 -1 6 .  
2 1 4 .  Hu t t en l oc he r  P R.  S yn a p t i c  de ns i t y  i n  hum an  f r on ta l  
c o r t e x— de ve lo pme nta l  ch an ge s  an d  e f fec t s  o f  a g in g .  Bra in  
r e s ea rc h .  1 97 9 ; 16 3(2 ) :1 9 5 -20 5 .  
2 1 5 .  Hu t t en l oc he r  PR .  M or ph omet r i c  s tu d y o f  h uma n  c e re bra l  
c o r t e x  de ve lo pme nt .  Neu ro p s yc ho lo g ia .  1 99 0 ; 28 (6 ) :5 17 -2 7 .  
2 1 6 .  Hu t t en l oc he r  PR ,  Dab hol ka r  AS .  Re g io na l  d i f fe re nce s  i n  
s yn a p to gene s i s  i n  h uma n  ce reb ra l  c o r t ex .  J o ur na l  o f  co mpa ra t i ve  
N eu ro lo gy.  1 9 97 ; 38 7( 2) :1 6 7 -78 .  
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2 1 7 .  C h u ga n i  HT,  Phe l p s  ME ,  Ma zzio t t a  J C .  P o s i t r on  em is s i on  
t omo gra ph y s t u d y o f  huma n  b ra in  f u nc t io na l  de ve l opmen t .  
An n a l s  o f  n eu ro l o gy.  1 98 7 ;2 2( 4) :4 8 7 -9 7 .  
2 1 8 .  Y ak o vle v P I ,  Le co ur s  AR .  T he  m ye l o ge ne t i c  c yc l e s  o f  
r e gi ona l  ma tu ra t i on  o f  t he  b ra in .  Re g io na l  de ve l opme nt  o f  t he  
b ra i n  i n  ea r l y l i f e .  19 67 :3 -7 0 .  
2 1 9 .  P a us  T ,  C o l l i ns  D,  E va n s  A,  Le o na rd  G,  P i ke  B ,  Z i jde nb o s 
A.  M a t ura t io n  o f  w hi t e  ma t t e r  i n  t he  huma n  b ra in :  a  r e v i e w of  
ma gne t i c  r e s ona nce  s tu d ie s .  Bra in  r e s ea rc h  b u l l e t i n .  
2 0 01 ; 54 (3 ) :2 55 -6 6 .  
2 2 0 .  V an  de r  Kn aap  M ,  Va lk  J .  Ma gn e t i c  R es on ance  o f  M ye l in .  
M ye l ina t io n ,  a nd  M ye l in  Di so rd e r s ,  Be r l in  H e ld e lbe r g  New 
Y o rk :  S p r i n ge r -Ve r l a g .  19 95 :1 -1 9 .  
2 2 1 .  C a se y BJ ,  Gie dd  J N ,  Th oma s  KM .  St ru c tu ra l  a nd  fu nc t i ona l  
b ra i n  de ve lo pme nt  a nd  i t s  r e l a t i on  t o  c o gn i t i ve  de ve lo pme nt .  
B i o l o g ica l  P s yc h o lo gy.  2 0 00 ;5 4( 1 – 3) :2 4 1 -5 7 .  
2 2 2 .  Gi e dd  J N ,  S ne l l  J W,  La n ge  N,  R a jap ak se  J C,  Ca se y B ,  
Ko zu c h  P L,  e t  a l .  Qua n t i t a t i ve  ma gne t i c  r e s ona nce  ima gin g  o f  
h uma n  br a in  de ve l op ment :  a ge s  4 – 18 .  Ce reb ra l  co r t e x .  
1 9 96 ; 6( 4) :5 5 1 -9 .  
2 2 3 .  R e i s s  A L,  Ab r am s  MT,  S i n ge r  HS ,  R o s s  J L,  D e nck la  M B. 
Br a i n  de ve lo pment ,  gen de r  a nd  IQ  i n  c h i ld re n .  Br a in .  
1 9 96 ; 11 9( 5) :1 7 63 -7 4 .  
2 2 4 .  Gi e dd  J N,  Bl ume ntha l  J ,  J e f f r i e s  N O,  Ca s t e l l an os  FX ,  Li u  
H,  Z i j den bo s  A,  e t  a l .  Bra i n  deve lo pme nt  du r in g  ch i l dh oo d  and  
a do le sc ence :  a  l o n gi tu d ina l  MR I  s tu d y.  Na t u re  ne ur o sc i e nce .  
1 9 99 ; 2( 10 ) :8 61 -3 .  
2 2 5 .  J e r n i gan  T L,  Z i so ok  S ,  Hea t on  R K,  M ora n vi l l e  J T ,  
He s s e l i nk  J R ,  Bra f f  D L.  M a gne t i c  r e s ona nce  ima gi n g 
a bn orma l i t i e s  i n  l e n t i c u l a r  nu c le i  an d  c e re bra l  c o r t e x  in  
s ch i zo ph ren ia .  Arc h i ves  o f  Gene r a l  P s yc h i a t r y.  1 99 1 ; 48 (1 0) :8 8 1 -
9 0 .  
2 2 6 .  P fe f f e r baum  A,  Ma tha l on  D H,  S u l l i va n  E V,  Ra wle s  J M , 
Z i pu r sk y R B,  Li m  KO .  A qu an t i t a t i ve  ma gne t i c  r e so nance  
ima gi n g s t ud y o f  cha n ge s  in  b ra i n  m or ph o lo gy f r om  in fan c y to  
l a t e  a du l th oo d .  Arc h i ve s  o f  neu ro lo gy.  1 9 94 ; 51 (9 ) :8 74 -8 7 .  
2 2 7 .  C a vi ne s s  V ,  Ke nne d y D ,  Rich e lme  C ,  Rad emach e r  J ,  
Fi l i pe k  P .  T he  hu man  b ra i n  a ge  7 –1 1  ye a r s :  a  vo l ume t r ic  
a na l ys i s  ba sed  o n  ma gne t i c  r e so na nce  ima ge s .  Ce reb ra l  c o r t e x .  
1 9 96 ; 6( 5) :7 2 6 -36 .  
2 2 8 .  C a se y B ,  C ohe n  J D,  J e zza rd  P ,  T ur ne r  R ,  Nol l  DC ,  T ra in or  
RJ ,  e t  a l .  Ac t i va t io n  o f  p re f r on ta l  co r t ex  i n  c h i l d re n  du r i n g  a  
n o ns pa t i a l  w or k in g  mem or y  t a sk  wi t h  f unc t io na l  M RI .  
N eu ro ima ge .  1 99 5 ;2 (3 ) :2 21 -9 .  
2 2 9 .  C a se y B ,  T r a in or  RJ ,  Ore nd i  J L,  S ch ube r t  AB,  N ys t r om  LE ,  
Gi e dd  J N ,  e t  a l .  A de ve lo pme nta l  fu nc t i ona l  MR I  s tu d y o f  
p re f r on ta l  ac t i va t io n  d ur in g  pe r f o rma nce  o f  a  go -n o -go  t a sk .  
J o ur na l  o f  c o gn i t i ve  ne uro sc i ence .  19 97 ; 9( 6) :8 3 5 -47 .  
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2 3 0 .  Hu d s pe t h  WJ ,  Pr i b ram  KH.  S tage s  o f  b ra in  an d  co gn i t i ve  
ma t ur a t io n .  J ou rn a l  o f  E duca t ion a l  P s yc ho l o gy.  1 99 0 ;8 2( 4) :8 8 1 -
4 .  
2 3 1 .  D ea r y IJ ,  Sp ina t h  FM ,  Ba te s  TC .  Ge ne t i c s  o f  i n t e l l i ge nce .  
E ur opea n  jo ur na l  o f  h uma n  gen e t i c s  :  EJ HG.  2 00 6 ;1 4( 6) :6 9 0 -
7 0 0 .  
2 3 2 .  P l omin  R ,  Ke nne d y J KJ ,  Cr a i g  IW.  T he  que s t  fo r  
q ua n t i t a t i ve  t r a i t  l oc i  a s s oc i a t ed  wi th  in t e l l i gen ce .  In t e l l i gen ce .  
2 0 06 ; 34 (6 ) :5 13 -2 6 .  
2 3 3 .  C h or ne y M ,  C ho rne y K,  S ee se  N,  O we n  M ,  Da n ie l s  J ,  
M c Gu ff i n  P ,  e t  a l .  A q uan t i t a t i ve  t r a i t  l oc u s  a s s oc i a t e d  wi th  
c o gn i t i ve  a b i l i t y  i n  c h i ld re n .  P s yc h o lo g ica l  sc i e nce .  
1 9 98 ; 9( 3) :1 5 9 -66 .  
2 3 4 .  Be rma n  S M,  No ble  E P .  Red uced  v i s uo s pa t i a l  pe r f o r mance  
i n  c h i l d re n  wi t h  t he  D 2  do pami ne  rece p to r  A1  a l l e l e .  Be ha v io r  
ge ne t i c s .  1 99 5 ;2 5( 1) :4 5 -5 8 .  
2 3 5 .  P e t r i l l  S A,  P lo min  R ,  McC lea r n  GE ,  Smi t h  D L,  V i gne t t i  S ,  
C h or ne y M J ,  e t  a l .  No  a s s oc i a t i on  be t wee n  ge ne r a l  co gn i t i ve  
a b i l i t y  a n d  the  A1  a l l e l e  o f  t h e  D 2  do pami ne  re cep t o r  gene .  
Be ha v io r  ge ne t i c s .  19 97 ; 27 (1 ) :29 -3 1 .  
2 3 6 .  He n de rs on  A,  J o rm A,  Ko r t e n  A,  Ch r i s t en se n  H,  J ac omb  P ,  
Ea s t e a l  S ,  e t  a l .  Ap ol i po pr o te i n  E  a l l e l e ∈  4 ,  dem ent i a ,  a nd  
c o gn i t i ve  dec l i ne  in  a  po pu la t i on  sampl e .  The  La n ce t .  
1 9 95 ; 34 6( 89 87 ) :1 38 7 -90 .  
2 3 7 .  Ku r o w sk i  B ,  Ma r t i n  LJ ,  Wa de  S L.  Ge ne t i c s  a nd  o u tco mes  
a f t e r  t r au ma t i c  b ra i n  i n j u r y ( T BI) :  w h a t  d o  we  kn ow  a bo ut  
p ed ia t r i c  T BI?  J ou rna l  o f  ped ia t r i c  r eha b i l i t a t i o n  m edic ine .  
2 0 12 ; 5( 3) :2 1 7 -31 .  
2 3 8 .  Ko va s  Y ,  P lom in  R .  Gene ra l i s t  ge ne s :  im pl i c a t io n s  fo r  t h e  
c o gn i t i ve  sc i e nce s .  T ren ds  in  co gn i t i ve  sc i ence s .  
2 0 06 ; 10 (5 ) :1 98 -2 03 .  
2 3 9 .  P l omin  R ,  McC lea r n  G E,  Smi th  D L,  V i gn e t t i  S ,  Ch or ne y 
M J ,  Ch or ne y K,  e t  a l .  D N A mark e r s  a s s oc i a t e d  wi t h  h i gh  ve r sus  
l o w IQ :  t h e  IQ  Qua n t i t a t i ve  T ra i t  Lo c i  ( QT L)  P r o j ec t .  Be ha vio r  
ge ne t i c s .  1 99 4 ;2 4( 2) :1 0 7 -18 .  
2 4 0 .  P o s t hu ma  D ,  Lu c ian o  M ,  Geu s  EJ Cd ,  Wr i gh t  MJ ,  S l a gb oo m 
P E ,  Mo nt go me r y GW,  e t  a l .  A Ge nome wi de  Sc an  fo r  In t e l l i gence  
Id e n t i f i e s  Qua n t i t a t i ve  T ra i t  Lo c i  on  2 q  an d  6p .  The  Amer i can  
J o ur na l  o f  Hu man  Gene t i c s .  2 005 ;7 7( 2) :3 1 8 -26 .  
2 4 1 .  M ue l l e r  C A,  S ch l ue sene r  HJ ,  Co nr ad  S ,  P i e t sc h  T ,  S ch wa b 
J M.  S p i na l  c o r d  i n j u r y - i n d uce d  e xp re ss io n  o f  t he  imm une -
r e gu la t o r y chem ok ine  i n t e r l eu k i n -16  ca u sed  b y ac t i va t ed  
mic ro g l i a /mac ro pha ge s  a nd  CD 8+  ce l l s .  J ou rn a l  o f  neu ro su r ge ry  
S p ine .  20 06 ; 4( 3) :2 3 3 -40 .  
2 4 2 .  Ba r t ha  AI ,  Fo s t e r -Ba r be r  A,  M i l l e r  S P ,  Vi gne ro n  D B, 
Gl i dde n  D V,  Ba r ko v ic h  AJ ,  e t  a l .  Ne o na t a l  en cep ha lo pa t h y:  
a s soc i a t i on  o f  c yt ok i ne s  w i th  M R  sp ec t r o sco p y a nd  o u tc ome .  
P e d ia t r i c  r e sea r ch .  20 04 ; 56 (6 ) :96 0 -6 .  
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2 4 3 .  Fo s t e r -Ba rbe r  A,  Dic ken s  B ,  Fe r r i e r o  DM .  Huma n  pe r i na t a l  
a sp h yx ia :  c o r re l a t i on  o f  neon a ta l  c yt ok ine s  w i th  MR I  an d  
o u tc ome .  De ve lo pme nta l  ne ur o sc i e nce .  20 01 ; 23 (3 ) :2 13 -8 .  
2 4 4 .  M ar t in -An ce l  A,  Ga rc i a -Al ix  A,  P as cua l -S a lce do  D,  
C aba na s  F,  V a l ca rce  M,  Qu e r o  J .  In t e r l e uk i n -6  in  t he  
ce reb ro s p in a l  f l u i d  a f t e r  pe r in a t a l  a sp h yx ia  i s  r e l a t ed  to  ea r ly  
a nd  l a t e  n eu ro l o gic a l  man i fe s t a t i o n s .  P ed ia t r i c s .  
1 9 97 ; 10 0( 5) :7 8 9 -94 .  
2 4 5 .  O s re dka r  D ,  T ho re sen  M,  Ma es  E ,  Fl a t eb o  T ,  E l s t ad  M , 
S a b i r  H.  H yp o th e rmia  i s  no t  n eu ro -p ro t e c t i ve  a f t e r  i n fec t ion -
s en s i t i ze d  neo na ta l  h yp o x ic - i s chemi c  b ra in  in ju r y.  R e su sc i t a t i o n .  
2 0 14 ; 85 (4 ) :5 67 -7 2 .  
2 4 6 .  S h a lak  LF,  La p t o ok  AR ,  J a f r i  HS ,  R ami l o  O,  Pe r lman  J M . 
C l in i ca l  c ho r i oamn io n i t i s ,  e l e va t e d  c yt o k i ne s ,  an d  b ra i n  in j u ry  
i n  t e rm  in fan t s .  Pe d ia t r i c s .  20 02 ; 11 0( 4) :6 7 3 -80 .  
2 4 7 .  S k un dr i c  D S ,  C ru i k sha nk  WW,  D r u lo v ic  J .  Ro l e  o f  I L -1 6  i n 
C D 4+ T  ce l l -me dia t e d  re gu la t i on  o f  r e l ap s i n g  mu l t ip l e  sc l e ro s i s .  
J o ur na l  o f  neu ro i n f l ammat i on .  20 1 5 ;1 2 :7 8 .  
2 4 8 .  S c hwa b  J M .  Hu ma n  foca l  ce r eb ra l  i n fa rc t io n s  i nd uce  
d i f fe re n t i a l  l e s i ona l  i n t e r l e uk i n -1 6  ( I L-1 6 )  e xp re s s io n  co nf i ned  
t o  i n f i t r a t i n g  g r an u l oc yt e s ,  C D8 +  T - l ym ph oc yt e s  a nd  a c t i va t ed  
mic ro g l i a /mac ro pha ge s .  J ou rn a l  o f  Ne ur o imm un olo gy .  
2 0 01 ; 11 4 :2 32 -4 1 .  
2 4 9 .  Li e b r i ch  M,  Gu o  LH,  S c h l ue sene r  HJ ,  Sc hw ab  J M ,  D ie t z  K,  
Wi l l  BE ,  e t  a l .  Ex pre s s i on  o f  i n t e r l e uk i n -16  b y t umo r -a s s oc i a t ed  
mac ro ph a ge s /ac t i va t ed  mi c r o gl i a  i n  h i gh -gr ade  a s t ro c yt i c  b ra in  
t umo r s .  Arc h i v um  im mu nol o giae  e t  t he r ap ia e  e xp e r im enta l i s .  
2 0 07 ; 55 (1 ) :4 1 -7 .  
2 5 0 .  R e in ke  SN ,  Wal sh  BH,  Bo yl a n  GB,  S yk e s  BD ,  Ken n y LC ,  
M u rra y D M ,  e t  a l .  1 H NM R d e r i ved  me ta bo l omic  p ro f i l e  o f  
n eo na ta l  a sp h yx ia  i n  u mbi l i ca l  co rd  se r um :  im pl i ca t io n s  fo r  
h yp o x ic  i sc hemic  ence ph a lo pa t hy.  J ou rna l  o f  p ro t eome  re sea rch .  
2 0 13 ; 12 (9 ) :4 23 0 -9 .  
2 5 1 .  P re s s l e r  R ,  Bo yl an  GB,  Mo r to n  M ,  Bi nn ie  C D,  Re nn ie  J M.  
Ea r l y s e r i a l  EE G in  h yp o x ic - i sch aemic  en cep ha l opa t h y.  C l i n i ca l  
n eu ro ph ys i o l o gy :  o f f i c i a l  j ou rna l  o f  t he  In t e rna t i on al  
Fe d e ra t io n  o f  Cl i n i ca l  Neu ro ph ys i o lo gy.  2 0 01 ; 11 2 :3 1 -7 .  
2 5 2 .  Ba da wi  N ,  Fe l i x  J F,  Ku r i nc zuk  J J ,  Dix on  G,  Wat s on  L,  
Ke o gh  J M ,  e t  a l .  Ce re br a l  p a l s y fo l lo wi n g t e rm ne wb orn  
e ncep ha l opa t h y :  a  po pu la t ion -b as ed  s tu d y.  De ve l opme nta l  
me dic i ne  an d  c h i l d  neu ro l o gy.  20 0 5 ;4 7( 5) :2 9 3 -8 .  
2 5 3 .  M u hl hah n  P ,  Zwec k s t e t t e r  M ,  Ge or ge sc u  J ,  C i o s to  C ,  
R en ne r  C ,  La n ze nd or fe r  M,  e t  a l .  S t r uc t u re  o f  i n t e r l e uk i n  16  
r e s embl es  a  PD Z d omai n  w i th  an  occ l ud ed  pep t ide  b i nd i n g s i t e .  
N a t u re  s t r uc t u ra l  b i o l o gy.  1 99 8 ;5 (8 ) :6 8 2 -6 .  
2 5 4 .  R o t h  S ,  Agt he  M ,  E ic kh of f  S ,  Möl l e r  S ,  Ka rs t en  C M,  
Bo r re gaa r d  N ,  e t  a l .  Se co nda r y n ec ro t i c  neu t r op h i l s  r e l ea se  
i n t e r l eu k in -1 6C  a nd  mac ro pha ge  mi gra t i on  i nh i b i t o r y f ac t o r  f rom 
s t o re s  i n  t he  c yt o s o l .  Ce l l  Dea th  D i sc o ve r y.  2 01 5 ;1 :1 5 05 6 .  
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2 5 5 .  C r u ik s han k  WW. In t e r l e uk i n  16 .  J  Le u koc  Bi o l .  
2 0 00 ; 67 :7 5 7 -66 .  
2 5 6 .  M a t h y N L.  In t e r l eu k in -1 6  s t i mu la t e s  t he  ex pre s s i on  an d 
p ro du c t io n  o f  p ro - i n f l am mato r y c yt o k in es  b y h u man  m on oc yt e s .  
Im mu nol o gy.  2 00 0 ; 10 0 :6 3 -9 .  
2 5 7 .  C r oq  F,  V i z i o l i  J ,  T u zo va  M ,  Ta h to uh  M ,  Sa u t i e re  PE ,  Van  
C amp  C,  e t  a l .  A h omo lo go us  f o r m of  huma n  in t e r l e uk i n  1 6  i s  
im pl i ca t ed  in  mic ro g l i a  r ec ru i tme nt  fo l lo wi n g  ne r vou s  s ys t em 
i n ju r y in  l ee ch  Hi r ud o  me dic i na l i s .  Gl i a .  20 10 ; 58 (1 4) :1 6 4 9 -62 .  
2 5 8 .  Fe n s t e r  C P,  C hi sn e l l  HK,  Fr y C R ,  Fe n s t e r  S D.  The  r o l e  o f  
C D 4 -dep en den t  s i gna l in g  in  i n t e r l eu k in -1 6  in du ced  c - Fo s  
e xp re ss io n  an d  f ac i l i t a t i o n  o f  n eu r i t e  ou t g r o wth  in  ce re be l l a r  
g r a nu le  n eu ro ns .  Ne ur o sc i e nce  l e t t e r s .  2 01 0 ; 48 5( 3) :2 1 2 -6 .  
2 5 9 .  Ku r s ch ne r  C ,  Yu za k i  M.  Neu ro na l  i n t e r l eu k in -1 6  ( N I L-1 6 ) :  
a  d ua l  f unc t io n  P D Z d omai n  p r o t e i n .  T he  J ou rna l  o f  ne ur o sc i e nce  
:  t h e  o f f i c i a l  j ou rna l  o f  t h e  S oc ie t y f o r  Ne ur o sc i e nce .  
1 9 99 ; 19 (1 8) :7 7 70 -8 0 .  
2 6 0 .  Go n za le z  FF,  M i l l e r  S P.  D oe s  pe r i na t a l  a sp h yx ia  im pa i r  
c o gn i t i ve  f unc t io n  wi th ou t  ce rebr a l  pa l s y?  Ar c h i ve s  o f  d i s ea se  in  
c h i ld ho od  Fo e ta l  an d  neo na ta l  ed i t i on .  20 06 ; 9 1 (6 ) :F4 5 4 -9 .  
2 6 1 .  D o u gla s -E sc oba r  M .  A p i l o t  s tu d y o f  n o ve l  b ioma rke r s  i n  
n eo na te s  wi th  H yp o xic - I s c haemic  E nce pha lo pa th y.  P e d  Re s .  
2 0 10 ; 68 :5 3 1 -6 .  
2 6 2 .  D u P ont  T L,  C ha la k  LF,  M o r r i ss  M C,  Bur ch f i e l d  PJ ,  
C h r i s t i e  L,  S a nch e z PJ .  S ho r t - t e rm ou tc ome s  o f  ne w bo rn s  wi th  
p e r i na t a l  a c i demia  w ho  a r e  n o t  e l i g i b l e  fo r  s ys t emic  h yp o the rmia  
t he ra p y.  The  J o ur na l  o f  pe d ia t r i c s .  2 01 3 ; 16 2( 1) :3 5 -4 1 .  
2 6 3 .  Fe r r i e ro  D M,  Bo ni fa c io  S L.  T he  sea rch  c on t in ues  fo r  t he  
e l u s i ve  b ioma rk e r s  o f  neo na ta l  b ra i n  i n ju r y.  The  J o ur na l  o f  
p ed ia t r i c s .  20 14 ; 16 4( 3) :4 3 8 -4 0 .  
2 6 4 .  M i dde l do rp  J ,  Hol  E M .  GFA P  i n  hea l th  a nd  d i sea se .  
P r o gre s s  i n  neu ro b i o lo gy.  2 0 11 ;9 3( 3) :4 2 1 -4 3 .  
2 6 5 .  M o nde l lo  S ,  Papa  L,  Bu k i  A,  Bu l l ock  M R,  C ze i t e r  E ,  
T or t e l l a  FC ,  e t  a l .  Ne ur ona l  an d  g l i a l  ma rke r s  a r e  d i f fe re n t ly  
a s soc i a t e d  wi t h  co mp uted  t omogr a ph y f in d i n gs  an d  o u tco me  in  
p a t i e n t s  wi t h  se ve r e  t r au ma t i c  b r a in  in ju r y:  a  ca se  c on t r o l  s t ud y .  
C r i t i c a l  ca re  ( Lo n d o n ,  E n gla nd ) .  2 01 1 ;1 5( 3) :R 1 56 .  
2 6 6 .  Br o p h y GM ,  M o nde l lo  S ,  Pap a  L,  R o bic sek  S A,  Ga br i e l l i  
A,  Te pa s  J ,  3 r d ,  e t  a l .  B io k i ne t i c  an a l ys i s  o f  ub i qu i t i n  C -
t e rmi na l  h yd r o la se - L1  ( UC H- L1 )  in  se ve re  t r a uma t i c  b ra i n  i n ju ry  
p a t i e n t  b io f l u id s .  J o ur na l  o f  neur o t raum a .  2 01 1 ;2 8( 6) :8 6 1 -70 .  
2 6 7 .  Ka n ek o  T ,  Ka sa oka  S ,  Mi ya uc h i  T ,  Fu j i t a  M,  Od a  Y,  
T s uru ta  R ,  e t  a l .  Se rum  g l i a l  f i b r i l l a r y ac i d i c  p ro t e in  a s  a  
p re d ic t i ve  b i omar ke r  o f  ne uro lo g ica l  o u tc ome  a f t e r  ca r d i ac  
a r re s t .  Re su sc i t a t i on .  20 09 ; 80 (7) :7 9 0 -4 .  
2 6 8 .  M o nde l lo  S ,  Pa lm io  J ,  S t ree t e r  J ,  Ha ye s  R L,  P e l t o l a  J ,  
J e r omi n  A.  Ub iq u i t i n  ca r bo x y - t e rmin a l  h yd r o l a s e  L1  (U C H - L1 )  
i s  i nc rea se d  i n  ce re br o sp i na l  f l u id  an d  p l a sma  o f  pa t i en t s  a f t e r  
e p i l e p t i c  s e i zu re .  BM C neu ro lo gy.  2 0 1 2 ;1 2 :8 5 .  
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2 6 9 .  N yl e n  K,  O st  M ,  C sa j bo k  LZ ,  Ni l s so n  I ,  B le nn ow  K,  
N e l l ga r d  B ,  e t  a l .  In c rea se d  se ru m -G FAP  in  pa t i en t s  wi t h  se ve re  
t r aum a t i c  b ra i n  i n j u r y i s  r e l a t e d  to  o u tc ome .  J o ur na l  o f  t he  
n eu ro l o gi ca l  sc i ence s .  20 06 ; 24 0( 1 -2) :8 5 -9 1 .  
2 7 0 .  P a pa  L,  Ak i n yi  L,  Li u  M C ,  P ine da  J A,  Tep as  J J ,  3 r d ,  Ol i  
M W,  e t  a l .  Ubi qu i t i n  C - t e rmina l  h yd r o la se  i s  a  n o ve l  b ioma rk e r  
i n  hu man s  f o r  se ve re  t r aum a t i c  b ra in  in ju r y.  Cr i t i c a l  ca re  
me dic i ne .  2 01 0 ; 38 (1 ) :1 38 -4 4 .  
2 7 1 .  S e t s u i e  R ,  Wada  K.  T he  f unc t i on s  o f  UC H - L1  a n d  i t s  
r e l a t i on  t o  ne ur ode gen e ra t ive  d i sea se s .  Ne ur och emi s t ry  
i n t e r na t i on a l .  2 00 7 ;5 1( 2 -4) :1 0 5 -1 1 .  
2 7 2 .  B l en no w  M,  Ha gbe r g  H,  R o se n gren  L.  Gl i a l  f i b r i l l a r y 
ac i d i c  p ro t e in  i n  t he  ce reb ro s p in a l  f l u id :  a  p o s s ib l e  i nd ica t o r  o f  
p ro gn o s i s  i n  f u l l - t e r m a s ph yx ia t e d  ne w bo rn  in fan t s ?  Pe d ia t r i c  
r e s ea rc h .  1 99 5 ; 37( 3) :2 6 0 -4 .  
2 7 3 .  Bu r t r um D,  S i l ve r s t e i n  FS .  H yp o xic - i sc hemi c  b ra i n  i n ju r y 
s t im ula t e s  gl i a l  f i b r i l l a r y ac id i c  p r o t e i n  m R N A a nd  p ro t e in  
e xp re ss io n  i n  neo na t a l  r a t s .  E xpe r ime nta l  ne ur o lo gy .  
1 9 94 ; 12 6( 1) :1 1 2 -8 .  
2 7 4 .  E nne n  C S,  Hui sm an  T A,  Sa va ge  WJ ,  N or t h i n gt on  FJ ,  
J en n i n gs  J M ,  E ve r e t t  AD ,  e t  a l .  Gl i a l  f i b r i l l a r y ac id i c  p ro t e in  a s  
a  b i oma rke r  fo r  neo na ta l  hyp o x ic - i sch emic  ence ph a lo pa t hy  
t r ea t e d  wi t h  wh ole -b od y c oo l ing .  Am er i ca n  j ou rn a l  o f  ob s t e t r i c s  
a nd  gyn ec o l o gy.  2 01 1 ;2 05 (3 ) :2 51 .e 1 -7 .  
2 7 5 .  Be r sa n i  I ,  Au r i t i  C ,  R on che t t i  M P ,  Pre nc i pe  G,  Ga zzo l o  D,  
D o t t a  A.  U se  o f  e a r l y b io mar ke r s  i n  neo na ta l  b ra i n  dama ge  and  
s ep s i s :  s t a t e  o f  t he  a r t  a nd  fu tu r e  pe r spec t i ve s .  B io Me d re sea rch  
i n t e r na t i on a l .  2 01 5 ;2 01 5 :2 5 35 20 .  
2 7 6 .  Za i gh am M,  Lu n d be r g  F,  Ha ye s  R ,  Un den  J ,  Olo f s so n  P .  
U m bi l i ca l  co rd  b lo od  c onc en t ra t i on s  o f  u b i qu i t i n  ca rb ox y -
t e rmi na l  h yd r o la se  L1  ( UC H - L1 )  a nd  g l i a l  f i b r i l l a r y ac i d ic  
p ro t e in  ( GFAP )  i n  ne on a te s  de ve l op i n g  h yp o xic - i s chem ic  
e ncep ha l opa t h y.  The  jo ur na l  o f  ma te r na l - Fo e t a l  &  ne on a ta l  
me d ic i ne  :  t he  o f f i c i a l  j ou rna l  o f  t he  E ur opea n  As s oc ia t i on  o f  
P e r ina t a l  Me dic i ne ,  t he  Fe d e r a t io n  o f  As ia  an d  Oce an ia  Pe r ina t a l  
S o c ie t i e s ,  t he  In t e r na t i ona l  S oc ie t y o f  Pe r i na t a l  Ob s t e t .  
2 0 16 ; 29 (1 1) :1 8 22 -8 .  
2 7 7 .  Ba r t e l  D P .  Mic ro R N As :  ge n omic s ,  b io ge ne s i s ,  mec han i s m,  
a nd  f unc t io n .  Ce l l .  2 00 4 ;1 16 (2 ) :2 8 1 -9 7 .  
2 7 8 .  X ia  Y,  Sc hne ye r  A L.  T he  b i o lo gy o f  ac t i v i n :  r ece n t  
a d va nce s  i n  s t r uc tu re ,  r e gu la t io n  a nd  fu nc t i on .  The  J ou rna l  o f  
e nd oc r i no lo g y.  2 0 09 ; 20 2( 1) :1 -1 2 .  
2 7 9 .  Fl o r i o  P ,  Lu i s i  S ,  Bru sc he t t i n i  M ,  Gr u t z fe l d  D ,  Do br za n ska  
A,  Br u sc he t t i n i  P ,  e t  a l .  C e re br o sp i na l  f l u id  ac t i v i n  a  
mea s ure ment  i n  a sp h yx ia t e d  fu l l - t e rm  ne w bo rn s  p red i c t s  h yp o x ic  
i sc hemic  e ncep ha l opa t h y.  C l in i ca l  c hemi s t r y.  20 04 ;5 0 ( 12 ) :2 386 -
9 .  
2 8 0 .  Fl o r i o  P ,  Lu i s i  S ,  M oa ta za  B ,  T or r i ce l l i  M ,  Iman  I ,  Ha la  
M ,  e t  a l .  Hi gh  u r i na r y c on cen t ra t i on s  o f  ac t i vi n  A in  a s ph yx i a t ed  
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f u l l - t e rm ne w bo rn s  wi t h  m ode ra t e  o r  se ve re  h yp o x i c  i sche mic  
e ncep ha l opa t h y.  C l i n i ca l  c hemi s t r y.  20 07 ; 53 (3 ) :5 20 -2 .  
2 8 1 .  La i  M ,  S i r ima nne  E ,  Wi l l i am s  CE ,  Gluc kma n  P D.  
S e que n t i a l  pa t t e r n s  o f  i nh i b in  su b un i t  gene  ex pre s s i on  f o l l o wing  
h yp o x ic - i sc hemi c  in j u r y i n  t he  ra t  b ra in .  Ne ur o sc i e nce .  
1 9 96 ; 70 (4 ) :1 01 3 -24 .  
2 8 2 .  Wu  D D,  La i  M,  Hu ghe s  PE ,  S i r ima nne  E ,  Gl uc kman  P D , 
Wi l l i am s  C E.  E xp re ss io n  o f  t he  ac t i vi n  ax i s  a nd  neu ro na l  r e scue  
e f fec t s  o f  r ec ombi na n t  ac t i v in  A f o l l ow in g  h yp o xic - i sch emic  
b ra i n  in j u r y i n  t h e  i n fa n t  r a t .  Br a i n  re sea rch .  19 99 ;8 35 (2 ) :3 69 -
7 8 .  
2 8 3 .  P h i l l i ps  DJ ,  N gu ye n  P ,  Ad amid es  AA,  B ye  N ,  R os en fe ld  
J V,  Ko s sma nn  T ,  e t  a l .  Ac t i v i n  a  r e l ea se  i n t o  ce re br os p i na l  f l u id  
i n  a  su b se t  o f  pa t i e n t s  wi th  s e ve re  t r a uma t i c  b ra i n  in j u ry.  
J o ur na l  o f  neu ro t ra uma .  2 00 6 ;2 3( 9) :1 2 8 3 -94 .  
2 8 4 .  Lo o n e y A-M ,  Ah ea rne  C ,  Bo yla n  GB,  Mu rra y D M .  Gl i a l  
Fi b r i l l a r y Ac i d i c  P ro t e in  i s  no t  a n  ea r l y ma r ke r  o f  i n j u r y i n  
p e r i na t a l  a sp h yx ia  an d  h yp ox ic  i sc haem ic  e nce pha l op a th y .  
Fr o n t i e r s  i n  Neu ro l o gy.  2 01 5 ; 6 :2 6 4 .  
2 8 5 .  S c hmi t t gen  T D,  Li va k  KJ .  Ana l yz i n g  rea l - t ime  PC R da ta  
b y t he  com par a t i ve  C (T)  me th od .  Na t u re  p ro t oc o l s .  
2 0 08 ; 3( 6) :1 1 01 -8 .  
2 8 6 .  C he n g L,  D o eck e  J D ,  Sha rp le s  R A,  Vi l l ema gne  V L,  Fo w le r  
CJ ,  R emba ch  A,  e t  a l .  Pr o gno s t i c  se r um m iR N A b i oma rke rs  
a s soc i a t e d  wi t h  Al zhe i mer 's  d i sea se  sh o ws  c onc or dan ce  wi th  
n eu ro ps yc h o l o gi ca l  an d  neu ro ima gi n g  a ss e s sm ent .  M olec u la r  
p s yc h ia t r y.  2 01 5 ; 20 (1 0) :1 1 88 -96 .  
2 8 7 .  E t he r id ge  A,  Le e  I ,  Ho od  L,  Ga la s  D,  Wa n g  K.  
E x t ra ce l l u l a r  mic ro R N A: a  n ew s ou rce  o f  b io mar ke r s .  M uta t i on  
r e s ea rc h .  2 01 1 ; 71 7(1 -2 ) :8 5 -9 0 .  
2 8 8 .  M i sh ra  PJ .  Mic r oR N As  a s  p romi s i n g  b i omar ke rs  i n  can ce r  
d i a gno s t i c s .  B i omar ke r  r e sea rc h .  20 14 ; 2 :1 9 .  
2 8 9 .  M i t c he l l  P S ,  P a r k in  R K,  Kr o h  E M ,  Fr i t z  BR ,  Wym a n S K,  
P o go s o va -Aga d ja n ya n  E L,  e t  a l .  C i rc u la t i n g  mic ro R N As  a s 
s t a b l e  b lo od -b as ed  mar ke r s  fo r  ca nce r  de t ec t i on .  Pr ocee d i n gs  o f  
t he  Na t io na l  Acad em y o f  Sc i e nce s  o f  t he  U ni t e d  S ta t e s  o f  
Am e r i ca .  20 08 ; 10 5( 30 ) :1 05 13 -8 .  
2 9 0 .  Be te l  D ,  Wi l so n  M,  Gab ow  A,  Ma rk s  D S ,  Sa nde r  C .  The  
mic ro R N A. or g  re s ou rce :  t a r ge t s  a nd  e xp re s s io n .  N uc le i c  ac i ds  
r e s ea rc h .  2 00 8 ; 36( Da taba se  i s sue ) :D 1 49 -5 3 .  
2 9 1 .  Ko zo ma ra  A,  Gr i f f i t h s - J o ne s  S .  miR Ba se :  an no t a t in g  h i gh  
c on f ide nce  m ic r oR N As  u s i n g  d eep  se que nc i n g da t a .  Nuc le ic  
ac i d s  re sea r ch .  20 14 ; 42 ( Da ta ba se  i s sue ) :D 6 8 -73 .  
2 9 2 .  Le w i s  BP ,  Bu r ge  C B,  Ba r t e l  DP .  Co ns e r ved  seed  pa i r in g ,  
o f t e n  f l a nk ed  b y a de no s i ne s ,  i nd i ca t e s  t ha t  t h ou sa nd s  o f  h uman  
ge ne s  a re  mic ro R N A ta r ge t s .  Ce l l .  20 05 ;1 20( 1) :1 5 -2 0 .  
2 9 3 .  C a r ro l l  AP ,  T oo ne y P A,  C a i r n s  MJ .  De s i gn  an d 
i n t e r p r e t a t i on  o f  mic ro R N A -r ep or t e r  ge ne  ac t i vi t y .  Ana l yt i ca l  
b ioc hemi s t r y.  20 13 ; 43 7( 2) :1 6 4 -7 1 .  
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2 9 4 .  Le e  SJ ,  Re ed  LA,  D a vie s  M V,  Gi r gen ra th  S ,  Goa d  ME,  
T omki n so n  KN ,  e t  a l .  Re gu la t io n  o f  mu sc l e  g r o wth  b y m ul t i p le  
l i gan d s  s i g n a l in g  th ro u gh  a c t i v in  t yp e  I I  r ec ep t o r s .  Pr ocee d i n gs  
o f  t he  Na t io na l  Aca dem y o f  Sc i e nce s  o f  t he  U ni t e d  S ta t e s  o f  
Am e r i ca .  20 05 ; 10 2( 50 ) :1 81 17 -22 .  
2 9 5 .  Ga o  F,  Ki s h i da  T ,  E j im a  A,  Go jo  S ,  M a zda  O.  M yo s ta t i n  
ac t s  a s  an  au t oc r i ne /pa ra c r i ne  ne ga t i ve  re gu la to r  i n  m yo bl a s t  
d i f fe re n t i a t i o n  f r om hum an  in d uced  p l u r ip o ten t  s t em  ce l l s .  
B i oc hemic a l  an d  b i op h ys i ca l  r e sea r ch  c ommu nica t io ns .  
2 0 13 ; 43 1( 2) :3 0 9 -14 .  
2 9 6 .  Ko s z i no w s ki  S ,  Bu ss  K,  Kae h lck e  K,  Kr i e g l s t e i n  K.  
S i gna l in g  v i a  t he  t r a ns c r i p t io na l l y r e gu la t e d  a c t i v in  rece p to r  2B 
i s  a  no ve l  m edia t o r  o f  ne ur ona l  ce l l  dea th  du r in g  c h ick en  c i l i a ry  
ga n g l io n  de ve lo pme nt .  In t e rna t i ona l  j ou rna l  o f  de ve lo pme nta l  
n eu ro sc i e nce  :  t he  o f f i c i a l  j ou rn a l  o f  t he  In t e rn a t io na l  S oc ie ty  
f o r  De ve lo pme nta l  Ne ur o sc i e nce .  20 15 ; 41 :9 8 -1 04 .  
2 9 7 .  T hu l l u r u  HK,  M ic he l  OJ ,  Oud e jan s  C B,  va n  D i jk  M.  
AC V R 2 A p rom ote r  po l ym o rp h i s m  r s1 42 49 54  i n  t he  Ac t i v in -A 
s i gna l i n g  p a th wa y i n  t r op ho b la s t s .  P l ace n ta .  20 15 ; 36 (4 ) :3 4 5 -9 .  
2 9 8 .  Lu i s i  S ,  Fl o r io  P ,  R e i s  FM ,  Pe t ra g l i a  F.  Ex pre s s i on  a nd  
s ec re t i on  o f  ac t i v in  A:  p o s s ib l e  ph ys i o l o gi ca l  a nd  c l in i ca l  
im pl i ca t io n s .  E ur opea n  jo ur na l  o f  en doc r i no l o gy /  E u ro pean  
Fe d e ra t io n  o f  En doc r in e  So c ie t i e s .  2 00 1 ; 14 5( 3) :2 2 5 -36 .  
2 9 9 .  P h i l l i ps  DJ ,  J one s  K L,  S c hee r l i nck  J Y ,  He d ge r  M P,  de  
Kr e t s e r  D M.  E v i dence  fo r  ac t i v i n  A an d  f o l l i s t a t i n  i n vo l vement  
i n  t he  s ys t e mic  in f l amma to r y re sp on se .  Molec u la r  an d  c e l lu l a r  
e nd oc r i no lo gy.  2 0 01 ; 18 0( 1 -2) :1 5 5 -62 .  
3 0 0 .  Te s s i e r  C ,  Pr i gen t -Te s s i e r  A,  Bao  L,  Te l l e r i a  C M,  
Fe r gu s o n -Go t t sc ha l l  S ,  Gib or i  GB,  e t  a l .  Dec i dua l  ac t i v in :  i t s  
r o l e  i n  t he  a po p to t i c  p roc es s  a nd  i t s  r e gu la t io n  b y p ro l ac t i n .  
B i o l o gy o f  r e pr od uc t i on .  20 03 ;68 (5 ) :1 6 87 -9 4 .  
3 0 1 .  Fl o r i o  P ,  Abe l l a  R F,  de  l a  T or re  T ,  Giambe r t i  A,  Lu i s i  S ,  
Bu te ra  G,  e t  a l .  P e r i ope ra t i ve  ac t i v i n  A c once n t ra t i on s  a s  a  
p re d ic t i ve  m ar ke r  o f  ne ur o l o gic  ab no rma l i t i e s  i n  c h i ld re n  a f t e r  
o pe n  hea r t  su r ge r y.  C l i n i ca l  c hemi s t r y.  20 07 ;5 3(5 ) :9 8 2 -5 .  
3 0 2 .  Al ema n -M uen ch  GR ,  S o ld e vi l a  G.  When  ve r sa t i l i t y  
ma t t e r s :  a c t i v in s / i nh i b i ns  a s  ke y re gu la t o r s  o f  i mmu ni ty.  
Im mu nol o gy a n d  ce l l  b io lo gy.  2 0 1 2 ;9 0( 2) :1 3 7 -48 .  
3 0 3 .  S u gama  S ,  Take no uc h i  T ,  Ki t an i  H,  Fu j i t a  M ,  Ha sh imot o 
M .  Ac t i v in  a s  an  an t i - i n f l amma to r y c yt ok i ne  p r od uce d  b y 
mic ro g l i a .  J  Neu ro i mmu nol .  20 07 ;1 92 (1 -2 ) :3 1 -9 .  
3 0 4 .  J en k i n s  D D ,  R ol l i n s  LG,  P e r ke l  J K,  Wa gne r  C L,  
Ka t i kan en i  LP ,  Ba s s  WT ,  e t  a l .  Se rum  c yt o k in es  i n  a  c l i n i c a l  
t r i a l  o f  h yp o t he r mia  fo r  ne ona t a l  h yp o x ic - i schem ic  
e ncep ha l opa t h y.  J ou rna l  o f  ce reb ra l  b l oo d  f l ow  an d  me ta bo l i sm :  
o f f i c i a l  j o urn a l  o f  t he  In t e rna t i ona l  S oc ie t y o f  Ce re br a l  B lo od  
Fl o w  a nd  Me tab o l i sm .  20 12 ; 32 (1 0) :1 8 8 8 -96 .  
3 0 5 .  Iw a ho r i  Y,  Sa i t o  H,  T or i i  K,  Ni s h i yama  N.  Ac t i v i n  e xe r t s  a  
n eu ro t ro ph i c  e f fec t  o n  c u l tu re d  h i pp ocam pa l  n eu ro ns .  Bra in  
r e s ea rc h .  1 99 7 ; 76 0(1 -2 ) :5 2 -8 .  
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3 0 6 .  Kr i e gl s t e in  K,  S u te r -Cra zzo la ra  C ,  Fi s c he r  WH,  Un s ic ke r  
K.  T G F-b e ta  su pe r fami l y mem be rs  p r om o te  s u r v i va l  o f  mi db ra in  
d o pamin e r g ic  ne ur on s  a nd  p ro t ec t  t hem  a ga in s t  M P P+  t ox i c i ty .  
T he  E M BO  j ou rna l .  1 99 5 ;1 4( 4) :7 3 6 -4 2 .  
3 0 7 .  S c hu be r t  D ,  Kim ura  H,  La C o rb ie re  M,  V au gha n  J ,  Ka r r  D ,  
Fi s c h e r  WH.  Ac t i vi n  i s  a  n e r ve  ce l l  s u r v i va l  mo lecu le .  Na t u re .  
1 9 90 ; 34 4( 6 2 69 ) :8 68 -7 0 .  
3 0 8 .  Fa n n  M J ,  Pa t t e r so n  P H.  Ne uro po ie t i c  c yt o k i ne s  an d  ac t i v i n 
A d i f fe ren t i a l l y  re gu la t e  t he  p he no t yp e  o f  c u l t u re d  s ym pa the t ic  
n eu ro ns .  P ro ceed i n gs  o f  t he  Na t i ona l  Aca dem y o f  S c i en ce s  o f  t he  
U n i t ed  S ta t e s  o f  Ame r i ca .  19 94 ;9 1( 1) :4 3 -7 .  
3 0 9 .  S c ho nha u t  L,  Ar m i j o  I ,  Sc ho n s t e d t  M,  Al va re z  J ,  C ord e r o 
M .  Va l id i t y  o f  t he  a ge s  a nd  s t a ge s  q ues t io nna i re s  i n  t e r m and  
p re t e rm  in fan t s .  Pe d ia t r i c s .  2 013 ;1 31 (5 ) :e1 46 8 -74 .  
3 1 0 .  M u rra y D M ,  R ya n  C A,  Bo yla n  GB,  Fi t zge ra l d  AP ,  
C o nn ol l y S .  P red i c t io n  o f  s e i zu re s  i n  a s ph yx i a t ed  ne on a te s :  
c o r re l a t i on  wi t h  co n t in uo u s  v i deo -e l e c t r oenc ep ha lo gra ph ic  
m oni to r in g .  Ped ia t r i c s .  20 06 ; 118 (1 ) :4 1 -6 .  
3 1 1 .  M u rra y D M ,  Bo yl a n  GB,  Fi t zge r a ld  AP ,  R ya n  C A,  M ur ph y 
BP ,  Co nn ol l y S .  Pe rs i s t en t  l a c t i c  ac id o s i s  i n  ne ona ta l  h yp o x ic -
i sc haemic  ence p h a lo pa t h y c or r e l a t e s  wi t h  EE G gra de  a nd  
e l e c t r o grap h ic  se i zure  bu rde n .  Ar c h i ve s  o f  d i sea se  in  c h i l dh ood  
Fo e t a l  an d  neo na ta l  ed i t i o n .  2 008 ;9 3( 3) :F1 8 3 -6 .  
3 1 2 .  Fa n o s  V ,  At zor i  L,  Ma ka ren ko  K,  Me l i s  GB,  Fe r ra zzi  E .  
M e ta bo l omic s  ap p l i ca t i on  in  ma te rn a l -Fo e ta l  m ed ic ine .  B iomed  
R e s  In t .  20 13 ; 20 13 :7 2 05 14 .  
3 1 3 .  D u nn  WB,  Broa dh ur s t  D I ,  At he r t on  HJ ,  Go odac re  R ,  
Gr i f f in  J L.  S ys t em s  l e ve l  s tu d ie s  o f  mamm al i a n  me tab o l ome s:  
t he  r o l e s  o f  ma s s  spec t r ome t r y a nd  nuc l ea r  ma gn e t i c  r e so nance  
s pe c t r o sco p y.  Che mica l  Soc ie t y r e vi e w s .  20 11 ; 40 (1 ) :3 87 -4 26 .  
3 1 4 .  Gl u ckma n  PD ,  Wya t t  J S ,  Azzo pa rd i  D,  Ba l l a rd  R ,  E d war d s 
AD ,  Fe r r i e ro  D M ,  e t  a l .  Se l ec t i ve  head  co o l in g  w i t h  mi ld  
s ys t e mic  h yp o t he rmia  a f t e r  neo na ta l  e ncep ha l opa t h y :  m ul t i ce n t re  
r an domi se d  t r i a l .  The  La n ce t .  200 5 ; 36 5( 94 60 ) :6 63 -7 0 .  
3 1 5 .  Li u  J ,  S he l do n  R A,  Se ga l  MR ,  Ke l l y M J ,  Pe l to n  J G,  
Fe r r i e ro  D M ,  e t  a l .  1 H n uc lea r  ma gn e t i c  r e so nanc e  b ra in  
me t ab o lom ic s  i n  neo na ta l  mice  a f t e r  h yp o x ia - i sch emia  
d i s t i n gu i s he d  no rm othe rmic  rec o ve r y f r om  mi l d  h yp o th e rmia  
r eco ve r i e s .  P ed ia t r i c  r e sea rc h .  2 0 1 3 ;7 4( 2) :1 7 0 -9 .  
3 1 6 .  Fa r o o qu i  AA,  Ho r ro ck s  LA,  Fa r o oq u i  T .  
Gl yc e r op ho s ph o l ip id s  i n  b ra in :  t he i r  me tab o l i sm ,  i nc or po ra t i on  
i n to  mem bra ne s ,  f un c t io n s ,  an d  in vo l veme nt  i n  ne ur o lo g ica l  
d i so rde rs .  Ch emi s t r y a n d  ph ys i c s  o f  l i p id s .  20 00 ; 10 6( 1) :1 -2 9 .  
3 1 7 .  P r in s  M L.  C e re br a l  me ta bo l i c  a dap t a t io n  a nd  k e to ne 
me t ab o l i sm  a f t e r  b ra i n  in j u r y.  J o ur na l  o f  ce reb ra l  b l oo d  f l o w and  
me t ab o l i sm :  o f f i c i a l  j o ur na l  o f  t he  In t e rna t io na l  Soc ie t y o f  
C e re bra l  B lo od  Fl o w  an d  Met abo l i sm.  2 00 8 ; 28 (1) :1 -1 6 .  
3 1 8 .  Ba yl e y N .  Ba yl e y S ca l e s  o f  In f an t  De ve l opme nt .  New 
Y o rk ,  N Y : The  P s yc ho l o g ica l  S oc ie t y;  1 96 9 .  
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3 1 9 .  Ba yl e y N .  Ba yl e y S ca l e s  o f  In fa n t  De ve lo pme nt .  2 nd  
E d i t i on .  Sa n  An to n io ,  T X :  T he  P s yc h o lo g ica l  C or po ra t i on ;  1 993 .  
3 2 0 .  Ba yl e y N .  Ba yl e y S ca l e s  o f  In fa n t  a nd  To dd le r  
D e ve lo pme nt  -  Th i rd  Ed i t i o n :  Tec hn ica l  Ma nua l .  Sa n  Ant on io ,  
T X :  P s yc h C or p ;  20 06 .  
3 2 1 .  Bo d e  M M,  D 'E u ge n io  D B,  M e t t e lman  BB,  Gr o ss  SJ .  
P re d ic t i ve  va l id i t y  o f  t h e  Ba yl e y,  T h i r d  Ed i t i o n  a t  2  yea r s  fo r  
i n t e l l i ge nce  q uo t i en t  a t  4  ye a rs  i n  p re t e rm  in fan t s .  J ou rna l  o f  
d e ve l op ment a l  a nd  be ha vio ra l  pe d ia t r i c s  :  J D BP .  
2 0 14 ; 35 (9 ) :5 70 -5 .  
3 2 2 .  An d e r s on  PJ .  Un de r e s t ima t i on  o f  de ve lo pmen ta l  de l a y b y 
t he  ne w  ba yl e y- I I I  s c a l e .  Ar c h  Ped ia t r  Ad ol e sc  Me d .  
2 0 10 ; 16 4( 4) :3 5 2 -6 .  
3 2 3 .  V o hr  BR,  S t e phe n s  BE,  Hi gg i ns  R D,  Ban n  CM ,  Hin t z  SR ,  
D a s  A,  e t  a l .  Are  o u tc ome s  o f  e x t reme l y p re t e rm  i n fa n t s  
im pr o vi n g?  Imp ac t  o f  Ba yl e y a ss e s sm ent  o n  o u tco me s .  The  
J o ur na l  o f  ped i a t r i c s .  20 12 ;1 61(2 ) :2 2 2 -8  e 3 .  
3 2 4 .  A yl w a rd  GP .  Co nt in u i n g  i s sue s  w i t h  t he  Ba yle y - I I I :  w h e re  
t o  go  f rom  h e re .  J ou rna l  o f  de ve lo pme nta l  an d  be ha v i o ra l  
p ed ia t r i c s  :  J D BP .  20 13 ;3 4( 9) :6 9 7 -70 1 .  
3 2 5 .  J a r y S ,  Wh i t e l a w  A,  Wal l oe  L,  T ho re sen  M .  C ompa r i so n  o f  
Ba yl e y-2  a n d  Ba yle y-3  s c o re s  a t  18  m ont h s  i n  t e rm  i n fa n t s  
f o l l o win g  neo na ta l  enc ep ha lo pa t h y an d  t he ra pu t i c  h yp o t he r mia .  
D e ve lo pme nta l  me dic i ne  a nd  c h i l d  ne ur o l o gy.  2 0 13 ; 55 (1 1) :1 0 53 -
9 .  
3 2 6 .  M o ore  T ,  J oh n so n  S ,  Ha ide r  S ,  Hen ne s s y E ,  Ma r lo w N .  
R e la t i on s h ip  be t wee n  t e s t  sc or e s  u s i n g t he  sec on d  an d  t h i rd  
e d i t i on s  o f  t he  Ba yle y S c a l e s  i n  ex t reme l y p re t e rm  ch i ld ren .  The  
J o ur na l  o f  ped i a t r i c s .  20 12 ;1 60(4 ) :5 5 3 -8 .  
3 2 7 .  J o hn s on  S ,  Mo ore  T ,  Ma r l ow  N .  U sin g  the  Ba yl e y - I I I  t o  
a s se s s  n eu ro de ve l op ment a l  d e l ay :  w h i ch  c u t -o f f  s ho u ld  be  u sed?  
P e d ia t r i c  r e sea r ch .  20 14 ; 75 (5 ) :67 0 -4 .  
3 2 8 .  C h i n t a  S ,  Wa lk e r  K,  Ha l l i d ay R ,  Lo u gh ra n -Fo w l d s  A,  
Ba da wi  N.  A com par i s on  o f  t h e  pe r fo rma nce  o f  hea l t hy  
Au s t ra l i a n  3 -ye a r -o l d s  wi th  t he  s t a nda rd i se d  n orm s  o f  t he  Ba yl ey  
S ca l e s  o f  In fa n t  an d  To ddle r  De ve l opm ent  ( ve r s io n - I I I ) .  
Ar c h i ve s  o f  d i sea se  i n  c h i ld ho od .  2 01 4 ;9 9( 7) :6 2 1 -4 .  
3 2 9 .  Y u  Y -T ,  Hs ie h  W -S ,  Hs u  C -H,  Che n  L-C ,  Le e  W -T ,  Chi u 
N -C ,  e t  a l .  A p s yc h omet r i c  s t udy o f  t he  Ba yle y S c a l e s  o f  In fa n t  
a nd  T od dle r  D e ve l op ment  –  3 rd  Ed i t i o n  f o r  t e rm a nd  p r e t e rm 
Ta i wa ne se  i n fa n t s .  Re sea rc h  i n  De ve lo pmen ta l  Di sab i l i t i e s .  
2 0 13 ; 34 (1 1) :3 8 75 -8 3 .  
3 3 0 .  C r om wel l  E A,  D ub e  Q,  C ole  SR ,  C hi ra mb o  C,  D o w AE , 
He yd e r man  RS ,  e t  a l .  Va l id i t y  o f  U S  n orm s  f o r  t he  Ba yl e y S ca l e s  
o f  In fan t  De ve lo pmen t - I I I  i n  Ma l aw ian  ch i ld ren .  E ur opean  
j ou rna l  o f  paed ia t r i c  ne ur o lo gy  :  E J P N :  o f f i c i a l  j o ur na l  o f  t he  
E ur opea n  Pa ed ia t r i c  Neu ro l o gy S o c ie t y.  20 14 ;1 8( 2) :2 2 3 -30 .  
3 3 1 .  S t ee n i s  LJ ,  Ve rh oe ve n  M,  He s sen  DJ ,  va n  Baa r  A L.  
P e r fo rma nce  o f  Du tch  C hi l d re n  o n  the  Ba yle y I I I :  A C o m par i s on  
S t ud y o f  U S  an d  D utch  No rm s.  P l oS  o ne .  20 15 ; 10 (8 ) :e0 13 28 71 .  
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3 3 2 .  Kr o gh  MT ,  V æ ver  MS ,  Harde r  S ,  Kø p pe  S .  Cu l tu ra l  
d i f fe re nce s  i n  i n fa n t  de ve lo pmen t  d ur in g  th e  f i r s t  ye a r :  A s tu dy  
o f  Da n i sh  i n f an t s  a s se s se d  b y t he  Ba yl e y - I I I  a nd  com pa red  t o  t he  
Am e r i ca n  n orm s .  Eu ro pean  J o ur na l  o f  De ve lo pme nta l  
P s yc h o lo gy.  2 0 12 ; 9( 6) :7 3 0 -6 .  
3 3 3 .  Ba yl e y N .  Ba yl e y s c a l e  o f  In fa n t  a nd  T od dle r  De ve lo pme nt  
( 3 r d  Ed i t i o n) .  U K a nd  I re l and  Su p p l emen t  Man ua l .  Lo n d on :  
P ea rs on  As s es sm ent ;  2 01 0 .  
3 3 4 .  M c Gui nn es s  C ,  C on nol l y P ,  Ea k in  A,  Mi l l e r  S .  T he 
D e ve lo pme nta l  S t a tu s  o f  2 -3  yea r  o l d  Chi l d r en  e n te r in g  Gr ou p -
Ba s ed  Se t t i n gs  i n  N or t he r n  Ir e l an d .  Be l f a s t :  Ce n t re  fo r  E f f ec t i ve  
E duca t io n ,  Quee n 's  U ni ve r s i t y  B e l fa s t ;  2 01 2 .  
3 3 5 .  O 'D o n o va n  S M ,  Mu rra y D M ,  Ho u r i ha ne  J O ,  Ken n y LC ,  
I r v i ne  AD ,  Kie l y M .  Co ho r t  p ro f i l e :  T he  C or k  BAS E LIN E  Bi r t h 
C o ho r t  S t ud y :  Ba b ie s  a f t e r  S COP E :  E va lu a t in g  the  Lo n gi t ud i na l  
Im pac t  on  Ne ur o lo g ica l  an d  N ut r i t i o na l  E nd po in t s .  In t e r na t i o na l  
j ou rna l  o f  ep i demi o lo gy.  2 0 15 ;44 (3 ) :7 6 4 -75 .  
3 3 6 .  S q u i re s  J ,  Br i c ke r  D,  Po t t e r  L.  R e v i s io n  o f  a  pa r en t -
c ompl e t ed  de ve lo pmen t  sc reen in g  to o l :  Age s  an d  Sta ges  
Q ue s t io nna i re s .  J ou rna l  o f  ped ia t r i c  p s yc h o l o gy.  
1 9 97 ; 22 (3 ) :3 13 -2 8 .  
3 3 7 .  Ac h en bach  T M,  Re sc or l a  LA.  Ma nua l  f o r  t h e  AS E BA 
p re sc ho o l  fo r m s  & pr of i l e s :  An  in t e gra t ed  s ys t em  o f  m ul t i -
i n f o rma nt  a s se s sme nt ;  C h i l d  b eh a vi o r  che ck l i s t  f o r  a ge s  1  1 /2 -5 ;  
La n gu a ge  de ve l opme nt  su r ve y;  Ca re g i ve r - t eac he r  r ep or t  f o rm:  
U n i ve rs i t y  o f  Ve rmo nt ;  2 00 0 .  
3 3 8 .  R o nfa n i  L,  V ec c h i  Br uma t t i  L,  Ma r iu z  M,  To gni n  V,  Bi n 
M ,  Fe r lu ga  V,  e t  a l .  The  Com plex  In t e rac t io n  be t wee n  Home  
E n vi ro nme nt ,  S oc io eco nom ic  S ta t u s ,  Ma t e rn a l  IQ a nd  E a r ly  
C hi l d  Neu roc o gn i t i ve  De ve lo pme nt :  A Mu l t i va r i a t e  Ana l ys i s  o f  
D a ta  Col l ec t ed  i n  a  Ne wb or n  C oh or t  S t ud y .  P l o S one .  
2 0 15 ; 10 (5 ) :e0 12 70 52 .  
3 3 9 .  C S O .  C S O  Ed uca t i on  S ta t i s t i c s  2 00 7  [ Ava i l a b l e  f rom :  
h t tp : / /w w w . c so . i e /e n / s t ude n t scor ne r /ed uca t i on /ed uca t i on s t a t i s t i c
s / .  
3 4 0 .  S u nd e t  J M ,  Ba r l a u g  D G,  T or jus s en  T M .  Th e  en d  o f  t he  
Fl yn n  e f fec t ? :  A s t u d y o f  s ecu l a r  t r e nd s  i n  mea n  in t e l l i genc e  t e st  
s co re s  o f  N or we gian  c on sc r i p t s  du r i n g  ha l f  a  ce n tu r y.  
In t e l l i ge nce .  20 04 ; 32 (4 ) :3 49 -6 2 .  
3 4 1 .  P ea rs on Ed uca t i on .  Fa c t o r s  C on t r i bu t in g  to  Di f fe re nce s 
Be t ween  Ba yl e y- I I I  a nd  BS ID -I I  S c or e s  ( Ba yl e y- I I I  T ech n ica l  
R ep or t  No .2 )  Sa n  An to n i o :  Pea rs o n  Ed uca t i on ;  2 00 8  [c i t ed  2 015  
2 8 /08 /20 15 ] .  Ava i l ab l e  f rom :  
h t tp : / / i ma ge s . pea rs on as se s sme nt s . c om /i ma ge s / tmr s / t mr s_ r g /Ba yl
e yI I I_ T ech Re p . pd f ?WT .mc_i d=TM R S _ Ba yl e y_ I I I_ Te ch n ica l _Re p
o r t _2 .  
3 4 2 .  R o be r t s on  CM ,  Hen d so n  L,  B i ggs  WS ,  Ac to n  BV.  
Ap p l i ca t io n  o f  t he  Fl yn n  e f fec t  f o r  t he  Ba yl e y I I I  S c a l e s .  Arch  
P e d ia t r  Ad ole sc  M ed .  20 10 ; 16 4(1 1) :1 0 7 2 -3 ;  a u t ho r  r ep l y 3 .  
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3 4 3 .  D e r oma  L,  Bi n  M ,  T o gnin  V,  Ros o len  V ,  Va l en t  F,  Ba r bo ne  
F,  e t  a l .  [ In t e r ra t e r  r e l i a b i l i t y  o f  t he  Ba yle y I I I  t e s t  i n  t he  I t a l i an  
N o r th e r n -Ad r i a t i c  C oh or t  I I ] .  Ep idem io l o gi a  e  p r e v e n zio ne .  
2 0 13 ; 37 (4 -5 ) :2 97 -3 02 .  
3 4 4 .  A yl w a rd  GP .  C o gni t i ve  a nd  neu ro p s yc ho lo g ica l  ou tcome s :  
m ore  t ha n  IQ sco re s .  Me nta l  r e t a r da t i on  a nd  de ve lo pme nta l  
d i sab i l i t i e s  r e sea rch  re v i e w s .  2 00 2 ; 8( 4) :2 3 4 -40 .  
3 4 5 .  A yl w a rd  GP .  De ve l opme nta l  s c r een i n g  an d  a s se s sme nt :  
w ha t  a re  we  th i nk in g?  J ou rna l  o f  de ve l opme nta l  a nd  beha v io ra l  
p ed ia t r i c s  :  J D BP .  20 09 ;3 0( 2) :1 6 9 -73 .  
3 4 6 .  D o yl e  LW,  An d e r so n  PJ ,  Ba t t i n  M,  Bow en  J R,  Bro w n N,  
C a l l a nan  C ,  e t  a l .  Lo n g  t e rm  fo l lo w  u p  o f  h i gh  r i sk  ch i ld ren :  
w h o ,  wh y a nd  h o w ? BM C  pe d ia t r i c s .  2 01 4 ;1 4 :2 79 .  
3 4 7 .  O r t on  J L,  M c Gi n le y J L,  Fo x  LM ,  Sp i t t l e  AJ .  C ha l l e n ge s  o f  
n eu ro de ve lo pmen ta l  fo l lo w -u p  f o r  e x t re me l y p re t e rm  in fan t s  a t  
t w o  ye a r s .  Ea r l y h uma n  de ve lo pme nt .  2 01 5 ; 91 (1 2) :6 8 9 -94 .  
3 4 8 .  J o hn s on  S ,  Ma r l ow  N .  De ve lo pme nta l  sc reen  o r  
d e ve l op ment a l  t e s t i n g?  Ea r l y h uman  de ve l opme nt .  
2 0 06 ; 82 (3 ) :1 73 -8 3 .  
3 4 9 .  S t i l e s  J ,  Pau l  B ,  He s se l in k  J .  S pa t i a l  c o gn i t i ve  
d e ve l op ment  fo l lo wi n g  ea r l y fo ca l  b ra i n  i n j u r y :  E v i de nce  f o r  
a dap t i ve  c han ge  i n  b ra in  and  co gn i t i o n .  PR O CE S SE S  OF 
C HAN GE  IN BR AIN  AN D  CO GN IT IV E DE VE LO P M E N T : 
AT TE NT IO N  AN D  PER FO R M A N C E X X I .  20 06 :5 3 5 -61 .  
3 5 0 .  B l ake mo re  SJ ,  Ch ou dh ur y S .  De ve lo pmen t  o f  t he  
a do le sc en t  b ra in :  im pl i ca t io n s  fo r  exec u t i ve  fu nc t i on  an d  so c i a l  
c o gn i t i on .  J ou rna l  o f  c h i l d  p s yc h o lo gy a n d  p s yc h ia t r y.  
2 0 06; 47 (3 ‐4 ) :2 96 -3 12 .  
3 5 1 .  Ba s se r  LS .  He mi p le g ia  o f  ea r ly o n s e t  a nd  the  fac u l t y o f  
s pe ech  wi t h  s pec i a l  r e fe re nce  t o  t h e  e f fec t s  o f  hemi s phe rec t om y.  
Br a i n .  1 96 2 ;8 5 :4 2 7 -60 .  
3 5 2 .  Le n n e be r g  E H,  C hom s k y N ,  Mar x  O .  Bi o lo g ica l  
f ou nd a t io n s  o f  l a n gua ge :  Wi l e y N e w Y or k ;  19 67 .  
3 5 3 .  Ka r mi lo f f -S mi t h  A.  P reac h in g  to  t he  Co n ve r t e d ?  Fr o m 
C o ns t r uc t i v i sm t o  Neu roc on s t ruc t i vi sm .  C hi l d  d e ve l op ment  
p e r sp ec t i ve s .  2 00 9 ;3 (2 ) :9 9 -10 2 .  
3 5 4 .  C ô té  J E ,  Le v i ne  C G.  At t i t u de  ve r s u s  Ap t i tu de  I s  
In t e l l i ge nce  o r  M ot i va t io n  M ore  Im po r t a n t  fo r  P os i t i ve  Hi ghe r -
E duca t io na l  O utc ome s ? J o urn a l  o f  Ad ol e s cen t  Re sea rch .  
2 0 00 ; 15 (1 ) :5 8 -80 .  
3 5 5 .  C ham or ro -P rem u zic  T ,  Fu r n ham A.  Pe r s ona l i t y  p re d ic t s  
aca demic  pe r f o rm ance :  E vi de nce  f r om t wo  lo n gi tu d ina l  
u n i ve r s i t y  s a m ple s .  J o ur na l  o f  Re se a rc h  in  Pe r so na l i t y .  
2 0 03 ; 37 (4 ) :3 19 -3 8 .  
3 5 6 .  Ar m s t ro n g -Wel l s  J ,  Be r na r d  TJ ,  Boada  R ,  Manc o -J oh n so n 
M .  Ne ur o co gn i t i ve  o u tco mes  fo l l o win g  ne ona ta l  e ncep ha l opa t h y.  
N eu ro Re hab i l i t a t i on .  20 10 ;2 6( 1) :2 7 -3 3 .  
3 5 7 .  M u lde r  H,  P i t c hf or d  NJ ,  Ha gge r  M S ,  Mar lo w N.  
D e ve lo pme nt  o f  e xec u t i ve  fu nc t i on  a nd  a t t en t io n  i n  p re t e rm 
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c h i ld re n :  a  s ys t ema t i c  r e vi ew .  D e ve lo pme nta l  ne ur op s yc h o lo gy .  
2 0 09 ; 34 (4 ) :3 93 -4 21 .  
3 5 8 .  M u lde r  H,  P i t ch fo rd  NJ ,  Ma r l ow  N .  P roc es s i n g  sp eed  an d 
w o rk i n g  m emo r y u nd e r l i e  a cademi c  a t t a i nmen t  i n  ve r y p re t e rm 
c h i ld re n .  Ar ch i ve s  o f  d i sea se  in  ch i ld ho od  Fo e ta l  a nd  ne ona ta l  
e d i t i on .  20 10 ; 95 (4 ) :F2 6 7 -7 2 .  
3 5 9 .  Wa l ke r  D M ,  Ma r l ow  N .  N eu roco gn i t i ve  o u tco me  f o l lo wi n g 
Fo e t a l  g ro wt h  re s t r i c t i on .  Ar ch i ve s  o f  d i sea se  i n  c h i l dh ood  
Fo e t a l  an d  neo na ta l  ed i t i o n .  2 008 ;9 3( 4) :F3 2 2 -5 .  
3 6 0 .  He r s k in d  A,  Gre i se n  G,  Nie l sen  J B.  Ea r l y i de n t i f i ca t i on  
a nd  in t e r ven t i on  i n  ce reb ra l  pa l s y.  D e ve l opm e nta l  me dic in e  a nd  
c h i ld  n eu ro l o gy.  2 01 5 ;5 7( 1) :2 9 -3 6 .  
3 6 1 .  S p i t t l e  A,  Or t on  J ,  An de r s on  PJ ,  Bo yd  R ,  D o yl e  LW.  E a r l y 
d e ve l op ment a l  i n t e r ven t io n  p rogr amm es  p ro v ide d  p o s t  ho sp i t a l  
d i scha r ge  to  p re ve n t  m oto r  an d  c o gn i t i ve  im pa i rment  i n  p r e t e rm 
i n fa n t s .  T he  Co c h rane  da t ab as e  o f  s ys t e ma t i c  r e vi e w s .  
2 0 15( 11 ) :C d 00 54 95 .  
3 6 2 .  Go l l en be r g  A L,  Lyn c h  C D,  J ack s on  LW,  M c Gui nn es s  BM , 
M s a l l  ME.  C onc ur re n t  va l i d i t y  o f  t he  p a re n t -c om ple t e d  Age s  an d  
S ta ge s  Que s t io nna i re s ,  2n d  E d .  w i t h  t he  Ba yle y S ca l e s  o f  In fa nt  
D e ve lo pme nt  I I  i n  a  l ow - r i s k  s am ple .  Ch i l d :  ca r e ,  hea l th  a nd  
d e ve l op ment .  20 10 ;3 6( 4) :4 8 5 -90 .  
3 6 3 .  V e l dh u i ze n  S ,  C l i n to n  J ,  R od r i gu e z  C ,  Wade  TJ ,  Ca i r ne y J .  
C o ncu r re n t  va l id i t y  o f  t he  Ages  An d  Sta ge s  Q ue s t i on na i r e s  a nd  
Ba yl e y D e ve l op ment a l  Sc a l e s  i n  a  gene ra l  p op u la t io n  s am ple .  
Ac a demic  pe d ia t r i c s .  2 01 5 ; 15 (2 ) :2 3 1 -7 .  
3 6 4 .  I r e t on  H.  In fan t  De ve l opme nt  In ven t o r y.  M i nnea po l i s :  
Be ha v io r  Sc i ence  S ys t em s Inc . ;  1 9 94 .  
3 6 5 .  I r e t on  H.  C hi l d  De ve l opme nta l  In ve n t o r y.  M in neap o l i s :  
Be ha v io r  Sc i ence  S ys t em s Inc ;  19 9 8 .  
3 6 6 .  I r e t on  H,  Gla sc oe  FP .  As s e s s in  Ch i ld ren 's  D e ve l opme nt  
U s in g  Pa r en t s '  Re po r t s  The  Chi l d  De ve lo pme nt  In ve n t o ry.  
C l in i ca l  Pe d ia t r i c s .  19 95 ; 34 (5 ) :2 4 8 -5 5 .  
3 6 7 .  D o i g KB,  Mac ia s  M M ,  Sa yl o r  C F,  C ra ve r  J R ,  In gra m P E .  
T he  Chi l d  De ve lo pme nt  In ven t o r y :  A d e ve lo pmen ta l  ou tc ome  
mea s ure  f o r  fo l l o w -up  o f  t he  h i gh - r i sk  in fa n t .  Th e  J o ur na l  o f  
p ed ia t r i c s .  19 99 ; 13 5( 3) :3 5 8 -6 2 .  
3 6 8 .  S a ud i no  KJ ,  Da l e  P S,  Ol i ve r  B ,  Pe t r i l l  S A,  R icha rd s on  V ,  
R ut t e r  M,  e t  a l .  T he  va l id i t y  o f  pa ren t -ba se d  a s se ss ment  o f  t he  
c o gn i t i ve  ab i l i t i e s  o f  2 -ye a r -o ld s .  Br  J  D e v  P s yc h o l .  
1 9 98 ; 16 :3 4 9 -63 .  
3 6 9 .  J o hn s on  S ,  Wo lke  D,  Mar l o w N .  D e ve l op menta l  a s se s sme nt  
o f  p re t e rm i n f an t s  a t  2  ye a r s :  va l i d i t y  o f  pa ren t  r ep or t s .  
D e ve lo pme nta l  M edic i ne  & Chi ld  Neu ro lo gy.  2 0 08 ; 50 (1 ) :5 8 -62 .  
3 7 0 .  Ba ke r  M ,  Scha fe r  G,  Al coc k  KJ ,  Ba r t l e t t  S .  A  p a re n ta l l y  
a dmin i s t e re d  c o gn i t i ve  d e ve l op ment  a ss e s sm ent  fo r  c h i ld ren  
f ro m  1 0  to  24  m on th s .  In fa n t  be ha v io r  &  de ve l opm ent .  
2 0 13 ; 36 (2 ) :2 79 -8 7 .  
3 7 1 .  M u l l en  E .  Mul l en  Sca l e s  o f  E a r l y Le a r n i n g .  Lo s  An ge le s 
( C A) :  We ste rn  P s yc ho l o g ica l  Se r v i ce s ;  1 99 5 .  
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3 7 2 .  C au d le  SE ,  Ka t ze n s t e i n  J M ,  O gh a la i  J S ,  Li n  J ,  Ca ud le  D D . 
N o n ve rb a l  c o gn i t i ve  de ve l opme nt  i n  ch i ld ren  wi th  c och l ea r  
im pla n t s :  r e l a t i o ns h i p  be t ween  t he  M ul l e n  Sca l e s  o f  Ea r ly  
Le a r n in g  an d  l a t e r  pe r f o r mance  on  t he  Le i t e r  In t e r na t i ona l  
P e r fo rma nce  S ca l e s -Re v i s ed .  As s e s smen t .  2 01 4 ;2 1( 1) :1 1 9 -28 .  
3 7 3 .  Ak s h o omo ff  N .  U se  o f  t he  Mu l l e n  S ca l e s  o f  Ea r l y Le a r n in g 
f o r  t h e  a s se ss ment  o f  yo u n g  c h i ld re n  wi t h  Aut i sm  Spec t r um 
D i so rde r s .  Ch i l d  ne ur op s yc h o lo g y :  a  j ou rna l  on  n orm a l  and  
a bn orma l  de ve lo pme nt  i n  ch i ld ho o d  an d  ad o le sce nce .  20 06 ;1 2(4 -
5 ) :2 6 9 -77 .  
3 7 4 .  Bu r n s  T G,  Kin g  T Z,  Sp ence r  KS .  M ul l en  sca l e s  o f  ea r l y 
l ea rn in g :  t he  u t i l i t y  i n  a s se s s ing  c h i l d r en  d i a gno se d  wi th  a u t i sm 
s pe c t r um  d i s o r de r s ,  c e re bra l  pa l s y,  a nd  e p i l e ps y.  Ap p l i e d 
n eu ro ps yc h o l o gy C hi ld .  20 13 ; 2(1 ) :3 3 -4 2 .  
3 7 5 .  N e wb or g  J .  Ba t t e l l e  d e ve l opme nta l  i n ven t o r y -  se co nd  
e d i t i on .  I t a sca  ( I L) :  R i ve rs ide ;  2 0 05 .  
3 7 6 .  M a t s on  J L,  He s s  J A,  S ipe s  M ,  Ho r o v i t z  M .  De ve lo pmen ta l  
p ro f i l e s  f r om t he  Ba t t e l l e  de ve lo pmen ta l  i n ve n to r y :  a  
c ompa r i so n  o f  t od d le r s  d i a gno se d  wi t h  D o wn  S yn d rome ,  g l oba l  
d e ve l op ment a l  de l a y a n d  p rema tu re  b i r th .  De ve l op ment a l  
n eu ro reha b i l i t a t i on .  20 10 ; 13 (4 ) :2 3 4 -8 .  
3 7 7 .  Ha c k  M ,  Ta yl o r  HG,  D r o ta r  D,  Sc h lu ch te r  M ,  Ca r t a r  L,  
Wi l s on -C o s te l l o  D,  e t  a l .  Po or  p re d ic t i ve  va l i d i t y  o f  t he  Ba yley  
S ca l e s  o f  In fa n t  De ve lo pmen t  f o r  co gn i t i ve  fu nc t i on  o f  
e x t re me l y l ow  b i r t h  we i gh t  ch i l d re n  a t  sch oo l  a ge .  Ped i a t r i c s .  
2 0 05 ; 11 6( 2) :3 3 3 -41 .  
3 7 8 .  P e nn i n gt on  B F.  D ia gn o s in g  l ea rn i n g  d i so rd e r s :  A 
n eu ro ps yc h o l o gi ca l  f r a me wo rk :  Gu i l f o r d  Pr e s s ;  2 00 8 .  
3 7 9 .  O 'R e i l l y  R C ,  M una ka ta  Y.  Com puta t io na l  e xp l o ra t io n s  in  
c o gn i t i ve  ne ur o sc i e nce :  Un de rs t a nd i n g the  m in d  b y s imu la t i ng  
t he  b ra in :  M IT  p re s s ;  20 00 .  
3 8 0 .  C a t t e l l  R B.  Abi l i t i e s :  The i r  s t ru c tu re ,  g ro wt h ,  an d  a c t io n .  
1 9 71 .  
3 8 1 .  Ac k e rma n  P L.  A t heo r y o f  ad u l t  i n t e l l ec tua l  d e ve l op ment :  
P r oce s s ,  pe r so na l i t y ,  i n t e re s t s ,  an d  kn o wled ge .  In t e l l i ge nce .  
1 9 96 ; 22 (2 ) :2 27 -5 7 .  
3 8 2 .  R o se  S .  Dime n s io n s  o f  co gn i t i o n  i n  i n fanc y.  In t e l l i gence .  
2 0 04 ; 32 (3 ) :2 45 -6 2 .  
3 8 3 .  M u lde r  H,  Ho o fs  H,  Ve rha gen  J ,  van  d e r  Veen  I ,  Le s ema n 
P P .  Ps yc h ome t r i c  p ro pe r t i e s  a nd  co n ve r gen t  an d  p re d ic t i ve  
va l id i t y  o f  an  ex ecu t i ve  fu nc t i on  t e s t  ba t t e r y f o r  tw o -ye a r -o ld s .  
Fr o n t i e r s  i n  p s yc h o lo gy.  2 0 14 ;5 :7 3 3 .  
3 8 4 .  M i ya ke  A,  Fr i e dma n  N P,  Eme r so n  MJ ,  Wi t zk i  AH,  
Ho w e r t e r  A,  Wa ge r  T D.  T he  un i t y a nd  d i ve r s i t y  o f  e xec u t i ve  
f un c t io n s  a nd  t he i r  co n t r ib u t io n s  t o  com ple x  “ f r on ta l  l obe”  
t a s k s :  A l a t en t  va r i ab l e  ana l ys i s .  Co gni t i ve  ps yc h o l o gy .  
2 0 00 ; 41 (1 ) :4 9 -10 0 .  
3 8 5 .  Fa ga n  J F,  Ho l l a nd  CR ,  Whee le r  K.  Th e  p r ed ic t io n ,  f r om 
i n fa nc y,  o f  ad u l t  IQ  a nd  a ch ie veme nt .  In t e l l i gence .  
2 0 07 ; 35 (3 ) :2 25 -3 1 .  
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3 8 6 .  R o se  S A,  Fe l dma n  J F,  J an kow s ki  J J ,  V an  Ro s sem R.  
In f o r ma t i on  P ro ce ss in g  f r om In f anc y t o  11  Yea r s :  C o n t in u i t i e s  
a nd  Pre d ic t i on  o f  IQ .  In t e l l i gence .  20 12 ; 40 (5 ) :4 4 5 -57 .  
3 8 7 .  Lu c ia na  M.  Pr ac t i t i one r  r e vi e w:  c o mp ute r i ze d  a s se s s ment  
o f  ne ur op s yc h o lo g ica l  f un c t io n  i n  c h i l d re n :  c l i n i c a l  an d  re sea r ch  
a pp l i ca t i on s  o f  t he  Camb r i dge  Ne ur op s yc h o l o gica l  Te s t ing  
Au t oma t ed  Ba t t e r y ( C AN T AB) .  J o ur na l  o f  ch i ld  p s yc ho l o gy a nd  
p s yc h ia t r y,  a nd  a l l i e d  d i sc i p l in es .  2 00 3 ; 44 (5) :6 4 9 -6 3 .  
3 8 8 .  C an i n i  M,  Ba t t i s t a  P .  C omp ute r i ze d  ne ur op s yc h o lo g ica l  
a s se s smen t  i n  a gi n g :  t e s t i n g  e f f i ca c y an d  c l in i ca l  eco l o gy o f  
d i f fe re n t  i n t e r fac es .  Com puta t ion a l  a nd  m a them a t i ca l  me t ho ds  in  
me dic i ne .  2 01 4 ; 20 14 :8 0 47 23 .  
3 8 9 .  Gr e en  CR ,  M ih ic  AM ,  Ni kk e l  SM ,  S ta de  BC ,  Ra sm u ss en  C ,  
M u no z  D P,  e t  a l .  Exec u t i ve  fun c t io n  de f i c i t s  i n  c h i l d re n  wi th  
Fo e t a l  a l c oh o l  s pec t r um d i so rde rs  ( FAS D )  mea s ure d  u s i n g the  
C amb r id ge  N eu ro ps yc h o l o gic a l  Te s t s  Au tom a ted  Ba t t e ry  
( C AN T AB) .  J ou rn a l  o f  ch i ld  p s yc h o l o gy a nd  p s yc h i a t r y,  and  
a l l i ed  d i sc ip l i ne s .  2 00 9 ; 50 (6 ) :68 8 -97 .  
3 9 0 .  Lu c ia na  M,  Ne l so n  C A.  As se s sme n t  o f  ne ur op s yc h o l o gica l  
f un c t io n  th ro u gh  u se  o f  t h e  Ca mb r id ge  Neu ro p s yc ho l o gi cal  
Te s t i n g  Au to ma ted  Ba t t e r y :  p e r f o rma nce  i n  4 - to  12 -ye a r -o ld  
c h i ld re n .  D e ve l op menta l  neu ro ps yc h o lo gy.  2 0 02 ; 22 (3 ) :5 95 -6 24 .  
3 9 1 .  S emme lman n  K,  N or d t  M,  So mme r  K,  Rö hn ke  R ,  Mo unt  L ,  
P r üfe r  H,  e t  a l .  U  Ca n  To uch  Th i s :  Ho w  Tab le t s  Ca n  Be  U sed  to  
S t ud y C o gn i t i ve  De ve l opm en t .  Fr o n t i e r s  i n  p s yc h o lo gy.  
2 0 16 ; 7( 10 21 ) .  
3 9 2 .  C h r i s t ak i s  D A.  In t e r ac t i ve  me dia  u se  a t  yo u n ge r  t ha n  t he  
a ge  o f  2  ye a r s :  t ime  to  re t h i nk  the  Am er i c an  Aca dem y of  
P e d ia t r i c s  gu i de l i ne ?  J AM A ped ia t r i c s .  20 14 ; 16 8( 5) :3 9 9 -40 0 .  
3 9 3 .  E duca t io n  C o P.  Me dia  E duca t io n .  Pe d ia t r i c s .  
1 9 99 ; 10 4( 2) :3 4 1 -3 .  
3 9 4 .  C omm un ica t i on s  C o ,  Med ia .  M edia  U se  b y C h i ld ren  
Y o un ge r  T han  2  Yea r s .  Pe d ia t r i c s .  2 01 1 ; 12 8( 5) :1 0 40 -5 .  
3 9 5 .  C h r i s t ak i s  D A,  Zi mmer m an  FJ ,  Di Gi u sep pe  D L,  M c Car t y 
C A.  Ea r l y T e le v i s io n  E xp o sur e  a nd  Su bs eq uen t  At t e n t i ona l  
P r ob lem s i n  Ch i ld ren .  Pe d ia t r i c s .  20 04 ; 11 3( 4) :7 0 8 -13 .  
3 9 6 .  Ga r r i so n  M M ,  Li ek we g  K,  C hr i s t a k i s  D A.  Me dia  U se  a nd  
C hi l d  S l ee p :  The  Impa c t  o f  Con ten t ,  T imi n g ,  an d  En vi ro nme nt .  
P e d ia t r i c s .  2 01 1 ;1 28 (1 ) :2 9 -35 .  
3 9 7 .  Li l l a r d  AS ,  Pe t e r so n  J .  Th e  imme dia t e  im pac t  o f  d i f fe re n t  
t yp e s  o f  t e l e vi s i on  on  yo u n g  c h i ld re n 's  ex ecu t i ve  fu nc t i on .  
P e d ia t r i c s .  2 01 1 ;1 28 (4 ) :6 44 -9 .  
3 9 8 .  C r i s t i a  A,  Se id l  A.  Pa ren ta l  Rep or t s  o n  T ouc h  Sc ree n  U se 
i n  Ea r l y C hi l dh oo d .  P l oS  o ne .  20 1 5 ;1 0( 6) :e 01 28 33 8 .  
3 9 9 .  C S O .  Cen t ra l  S t a t i s t i c s  O f f i ce   [ Ava i l ab l e  f ro m : 
h t tp : / /w w w . c so . i e /e n / .  
4 0 0 .  O N S .  Of f i ce  fo r  Na t i ona l  S t a t i s t i c s  l i c e ns ed  un de r  t he  
O pe n  Go ve r nme nt  Li ce nce  v . 3 .0 .   [ Av a i l a b l e  f rom :  
h t tp : / /w w w . o n s . go v . uk /on s / in dex . h tml .  
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4 0 1 .  Be d fo rd  R ,  Sae z  d e  Ura ba i n  IR ,  Che un g  C HM ,  Ka rmi l o f f -
S mi t h  A,  Smi t h  TJ .  To dd l e r s ’  Fi n e  M oto r  Mi l e s t one  Ach ie vem ent  
I s  As s o c ia t ed  wi th  Ea r l y T o uc hs c ree n  Sc ro l l i n g .  Fr o n t i e r s  i n  
p s yc h o l o gy.  2 01 6 ;7 (1 10 8) .  
4 0 2 .  Ka le  G.  Wh ich  b r o w se r  i s  be s t  f o r  t o uch sc reen  in  
Wi nd o ws ?  :  Winae ro ;  20 16  [ Ava i l a b l e  f ro m : 
h t tp : / /w i na e r o . c om /b lo g /w hi ch -b ro w se r - i s -be s t - f o r - to uc hs c ree n -
i n -wi nd ow s / .  
4 0 3 .  Az i z  N AA,  Ba t ma z F,  S to ne  R ,  Ch un g  P WH,  ed i t o r s .  
S e l ec t io n  o f  t o uch  ge s t u re s  f o r  ch i l d re n 's  ap p l i ca t io ns .  Sc i ence  
a nd  In f o rma t io n  Co nfe ren ce  ( S AI) ,  2 01 3 ;  2 01 3 :  IEEE .  
4 0 4 .  Tec ho pe d ia .  I t e ra t i ve  Game  Des i gn  20 16  [ Ava i l ab l e  f ro m : 
h t tp s : / /w w w . tec ho ped i a .c om /de f i n i t i on /27 04 5 / i t e ra t i ve -game -
d es i gn .  
4 0 5 .  T ye  C ,  Mer cu re  E ,  As h w oo d  K L,  A za d i  B ,  As h e r s on  P ,  
J o hn s on  M H,  e t  a l .  Neu ro ph ys i o lo g ica l  r e sp on se s  t o  face s  and  
ga ze  d i rec t i on  d i f fe re n t i a t e  ch i ld ren  wi t h  AS D ,  AD HD  and  
AS D + AD HD .  D e ve lo pme nta l  c ogn i t i ve  ne ur osc i enc e .  20 13 ; 5 :7 1 -
8 5 .  
4 0 6 .  N o mi  J S ,  U ddi n  LQ .  Fa ce  p r oce s s i n g i n  a u t i sm s pec t rum 
d i so rde rs :  Fr o m  b ra in  re g io n s  t o  b ra in  ne t w or ks .  
N eu ro p s yc ho lo g ia .  2 01 5 ; 71 :2 0 1 -1 6 .  
4 0 7 .  Wo d ka  E L,  M a ho ne  E M,  Blan kn e r  J G,  La r s o n  J C,  Fo t eda r  
S ,  Denc k la  M B,  e t  a l .  E v i dence  tha t  r e s po n se  i nh i b i t i on  i s  a  
p r ima r y d e f i c i t  i n  AD HD .  J o urn a l  o f  c l i n i ca l  a nd  e xpe r ime nta l  
n eu ro ps yc h o l o gy.  2 00 7 ;2 9( 4) :3 4 5 -5 6 .  
4 0 8 .  V i se l l  Y.  Tac t i l e  se ns or y s u b s t i t u t i on :  M od e l s  fo r  e nac t i on  
i n  HC I .  In t e rac t i n g  wi t h  Com pute r s .  20 09 ;2 1( 1 – 2) :3 8 -5 3 .  
4 0 9 .  R a i samo  R,  Pa t omä ki  S ,  Ha su  M ,  Pa s t o  V .  De s i gn  a nd  
e va lu a t io n  o f  a  t ac t i l e  mem or y ga m e  fo r  vi s ua l l y  i mpa i red  
c h i ld re n .  In t e ra c t in g  wi th  C ompu te r s .  20 07 ; 19 (2 ) :1 96 -2 05 .  
4 1 0 .  S á nche z  J ,  Sáe n z M.  3 D s ou nd  in t e ra c t i ve  en v i ro nment s  f o r  
b l in d  ch i ld ren  p ro b lem  s o l vi n g  s k i l l s .  Beha v io ur  &  In fo rma t i on  
Tec hn o l o gy.  2 00 6 ;2 5( 4) :3 6 7 -78 .  
4 1 1 .  J ac ob  R ,  Kar n  KS .  E ye  t r ac k in g  in  hum an -com pu te r  
i n t e r ac t i on  a nd  us ab i l i t y  r e sea rch :  R ea d y t o  d e l i ve r  t he  
p ro mi se s .  Min d .  2 00 3 ;2 (3 ) :4 .  
4 1 2 .  C ha u  M,  Be tk e  M.  Rea l  t ime  e ye  t r ack in g  an d  b l in k 
d e t ec t i on  wi t h  u sb  came ra s .  Bo s t on  Uni ve r s i t y  C omp ute r  Sc i ence  
D ep a r tm ent ;  2 00 5 .  
4 1 3 .  Be tke  M,  Gip s  J ,  Fl emi n g  P .  T he  c amera  m ou se :  v i s ua l  
t r ack in g  o f  b od y f ea t u re s  t o  p ro v i de  com put e r  acce s s  fo r  pe op le  
w i t h  se ve re  d i s ab i l i t i e s .  IEEE T ran sac t io n s  o n  ne ura l  s ys t ems  
a nd  Re hab i l i t a t i o n  E n gi nee r in g .  2 0 02 ; 10 (1 ) :1 -1 0 .  
4 1 4 .  An n a z  D ,  Ka rmi l o f f -Smi th  A,  T homa s  M,  Ree d  J ,  W a rn e r  
R o ge r s  J .  Ch i ld  neu ro p s yc ho l o gy :  C o nce p t s ,  t he or y a n d  p rac t i ce .  
Wi l e y-Bl a ck we l l  C h ic he s t e r ,  U K;  2 00 8 .  
4 1 5 .  S p ence r -Smi th  M M,  Sp i t t l e  AJ ,  Le e  KJ ,  D o yl e  LW,  
An d e r s on  PJ .  Ba yl e y - I I I  C o gn i t i ve  a nd  La n gu a ge  Sca l e s  i n  
P re t e rm  C hi l d re n .  Ped ia t r i c s .  2 01 5 ; 13 5 ( 5) :e 12 58 -6 5 .  
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4 1 6 .  La i  M C ,  Lo m b ar do  M V ,  Ba r on -C o he n  S .  Aut i s m.  La nc e t .  
2 0 14 ; 38 3( 99 20 ) :8 96 -9 10 .  
4 1 7 .  C ha fe r -P e r i ca s  C ,  Ce rna da  M ,  R ah ko nen  L,  S t e fan o vic  V,  
An d e r s s on  S ,  Ve n t o  M.  Pre l im ina r y ca se  c on t r o l  s t ud y to  
e s t a b l i sh  t he  co r re l a t i on  b e t ween  no ve l  pe ro x i da t i on  b i oma rke rs  
i n  c or d  se rum  a nd  the  se ve r i t y  o f  h yp o x ic  i s chem ic  
e ncep ha l opa t h y.  Fr e e  rad i ca l  b io lo gy &  me dic i ne .  20 16 ;9 7 :2 44 -
9 .  
4 1 8 .  M ed ia  F.  Fr o n t i e r s  i n  Neu ro lo g y N e ur op ed ia t r i c s  20 15  
[ Ava i l a b l e  f ro m :  
h t tp : / / j o u rna l . f ro n t i e r s in .o r g / a r t i c l e /1 0 . 33 89 / fn eu r . 20 15 .0 02 64 / f
u l l# .  
4 1 9 .  R C N.  M an y to dd le r s  a re  a de p t  a t  ma s t e r i n g t he  u se  o f  
s ma r tp ho ne s  a nd  t a b l e t s .  Nu r s ing  S ta nda rd .  20 16 ; 30 (2 0) :1 4 .  
4 2 0 .  R C PC H.  RC P C H re s po nd s  t o  sc reen  t ime  s tu d y p ub l i s hed  
i n  AD C  2 01 6  [ Ava i l ab l e  f rom :  
h t tp : / /w w w . rc pc h .ac .u k /new s / rcp ch - re s po nd s -sc ree n -t i me -s t ud y-
p u b l i she d -a dc .  
4 2 1 .  C a gl i o  A,  Le th in  S ,  Has hemi an  Y,  e d i to r s .  Le t ' s  p l a y! :  
d e s i gn in g  fo r  p r e s ch oo l  ch i ld re n .  Pr oceed in gs  o f  t he  14 t h 
P a r t i c i pa to r y D e s i gn  Co nf e ren ce :  S ho r t  Pa pe rs ,  In t e rac t i ve  
E xh i b i t i on s ,  Wor k sh op s -V olu me  2 ;  2 01 6 :  AC M .  
4 2 2 .  Zac k  E ,  Ba r r  R .  T he  Ro le  o f  In t e rac t i ona l  Qu a l i t y  i n  
Le a r n in g  f ro m T ouc h  Sc ree ns  d ur in g  In fanc y :  C o nte x t  Ma t t e r s .  
Fr o n t i e r s  i n  p s yc h o lo gy.  2 0 16 ;7( 12 64 ) .  
4 2 3 .  Al tme t r i c .  Te ch no l o gy U s a ge  in  To dd le r s  20 15  [ Ava i l ab l e  
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